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FOREWORD

This document completely 'ipdates and consolidates the results
of three previous studies to compile, interpret, and analyze orbital
reliability data on U.S. spacecraft. Both the earlier studies and this
update were performed by Planning Research Corporation (PRC). The first
study was conducted from 13 May 1966 to 3 March 1967 for the Apollo
Support Department of the General Electric Company in cooperation with
Headquarters, National Aeronautics and Space Administration. The
second and third studies were part of a larger effort for the Navy
Space Systems Activity; they reported on work conducted from
1 November 1970 to 30 November 1971, and from 1 December 1971 to
30 November 1972. This update was prepared for NASA Headquarters.

Mr. Abe Moskovitz was the Technical Monitor. This work was
performed under contract number NASW-3041.

The authors wish to express their gratitude for the cooperation
of the various program offices in making data available for this study.
Many individuals, both in government organizations and in private indus-
try, assisted in the development of the study data. Without their
assistance and cooperation, the large data base could not have been
generated.

Members of the PRC study team were V. Anderson, C. Bloomquist,
D. DeMars, W. Graham, P, Henmi, and G. Stiehl. In addition, the authors
wish to acknowledge the efforts of J. Amos, H. Thomas, and J. Zell for

their assistance in report preparation.
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ABSTRACT

This report documents four studies investigating the on-orbit
reliability of spacecraft. The total effort included compiling, inter-
preting, and analyzing operational and historic data for 350 spacecraft
from 52 U.S. space programs.

Failure rate estimates are made for on-orbit operation of space-
craft subsystems, components, and piece parts, as well as estimates of
failure probability for the same elements during launch. Confidence in-
tervals for both parameters are also given.

Based on the total data sample (this study and previous ones),
the results indicate that: (1) the success of spacecraft operation is
only slightly affected by most reported incidents of anomalous behavior,
(2) the occurrence of the majority of anomalous incidents could have
been prevented prior to launch, (3) no detrimental effect of spacecraft
dormancy is evident, (4) cycled components in general are not demonstra-
bly less reliable than uncycled components, and (5) application of
product assurance elements is conducive to spacecraft success but the
effect cannot be quantified on the basis of the data considered in this

report.
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A. STUDY OBJECTIVES AND SCOPE

PRC R-1863 :
lﬂ 1 Py

: !
I. INTRODUCTION AND SUMMARY ;

;

This report is a com~ilation, analysis, and interpretation of %

orbital reliability data on U.S. spacecraft. It covers a period of

nearly 20 years and is a synthesis of four individual data collection ;

and analysis efforts. The previous study reports were published in é

1967, 1971 and 1972. :
{I

i

i

The common objective of this study and the previous ones is to

craft operational data. Al1l four studies have proceeded from the assump-
tion that empirical on-orbit information might be applied advantageously
to the planning and development of space systems.

The current study has several subsidiary objectives: (1) to

compile all the relevant data into a single volume, (2) to update the

romwe BN covony SR wonens B nvenvs B oo BN .. 2 B oviot BN worans SRR pwcnrc R s BN e |

subsequent to those included in the earlier data base, (3) to prepare

six experience bulletins to highlight particularly pertinent study find-

JOUE- SN

1

ings, (4) to extract information from the data base relative to the

ko4 .
PRV VI

dormant or standby mode of spacecraft component operation, and (5) to

attempt to relate observed project success to product assurance elements.

B. GENERAL BACKGROUND

Appendix A contain: the basic data on all anomalous incidents

that have been collected in this study and the previous studies.

o
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achieve better utilization of reliability information inherent in space- i

results of the earlier studies by considering NASA spacecraft launched {
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P They are presented 2s four data sets. The first set contains data trom .
'f‘ SO spacecrart Jaunched prior to May 1966, The second set e<tends the '2
= J o2
4 time portod to 1970 and includes data tfreom 79 more spacecraft.  The the-d
et evtends the data base another vear and adds siv new spacecraft.  ihe |
4 “1
& tourth set, derived in tnis study, extends the time period to 1977 and ,
i
1
*i' adds anather JO spacecrart,  The total data base covers 350 spacecratt '
. trom 52 different space proarams.  Appendin ¢ pravides details on this l;
. )
él, data bank coverage.
. The analvses of the data in the bady of the report is generally {
R
. diven tor two samples.  The first is called the pre-update sample and .
: {
:";,1 includes all data from the first three data sets. The second is usually ’
¥
' reforred to as "this sample” or "this update™ and includes only the data f
collected tor this studyv, Where the results are not obvious the data
are combined tor all samples. q& "
\F“
X C. DATA RASE AND LIMITATIONS OF THE STUDY '
1 The basic approach in all four studies has been to collect and %:
; analyse as much reliability data from as many spacecraft as possible
.
79 iy
5 within cost and schedule constraints.  The first data set includes all gg -
hinds of spacecratt,  The second and third sets were generally restricted Hl
to lona-term spacecratt,  This data set includes only NASA spacecraft,
'
j The basic data elements were collected and recorded for individ- ﬂs
A \ . . . . . '
4 3 ual spacecrart. It is not the intent of these stadies to explicitly com- -
T ‘
gg pare cither space programs o spacecraft within a given program.  For gl , ¥*
.IS this reason, and at the request of many program ot fices, program and A
(] 3 .‘
: spacecraft identitication have been withheld in most analyses. The !f '
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basic data recordeu ror each program is available at NASA Headquarters,
Code DP-4.

An important underlying bias of the study analyses is 2ne common
to all large-scale reliability data studies. In the context of the sub-
Ject matter of this report, the bias is that the spacecraft anomalies
analyzed are "reported" anomalies rather than the desired “occurred"
anomalies. The large and varied data base, however, {2nds to minimize
the effect of this tias.

The information provided by the study analyses is extensive and
covers several areas relating to the reliability of spacecraft. For the
convenience of readers of varied backgrounds and specialized interests,
this report has been organized so that analyses pertaining to particular

interests appear in different sections. The summary below indicates

these areas.

D. SUMMARY OF RESULTS AND ORGANIZATION OF THE REPORT

Details of the data base, contributing data sources, and the tech-
niques of data analyses used are presented in Subsection II.A. For those
roaders who are interested only in the basic events on which all analysis
was performed, the tabulation of specific events is presented in Appen-
dix A.

In this update, a total of 708 specific events'related .o on-
orbit spacecraft reliability were refined from the data provided by the
various program offices, cooperating agencies and individuals. In the

pre-update sample there were 1,472 specific events tabulated. In the

The term "events" is defined here to include anomalies, unsuccessful
launches, and spacecraft with no reported anomalies.
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combined sample there are 2,180 such events. The classification and

=

analysis of these events for this update and for the pre-update sample
- form the subject matter of the remaining subsections of Section 11. Sub-

sections I1.C to II.E should be of particular interest to design engineers.
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The classification of anomaious incidents reported on the success-

fully launched spacecraft (88 percent of all spacecraft iu the combined

£
-
™

A S i
R PETRN

sample) result in the following major conclusions:

=T

1. Eighty-eight percent of the successfully launched space-
craft reported one or more incidents of anomalous behavior.

2. In this update, 90 percent of the anomalies are reported

=
T
-

in the orbital or steady-state phase®of the spacecraft mission. In the

| g

combined sample, 77 percent are reported in the orbital phase.

: 3. Ninety-four percent of the reported anomalies in this if
B update have little or no effect on accomplishment of the spacecraft mis-
sion; in the combined sample, 91 percent. gz
4. Two subsystems account for over one-haif of the reported [‘
anomalies. The telemetry and data handling subsystem accounts for 19,3
- percent of the reported anomalies in this sample; 23 percent in .ne com- E%
bined sample. The payload subsystem accounts for 26.2 and 25.8 percent.

Thirty-seven percent of the anomalous incidents are distributed essentially
equally between timing and control, power supply, attitude control and
stabilization and the remaining nine percent are also distridbuted essen-

tially equally among the propulsion, envirormentsi control, and structure

e Tt A A, So——— S

*The orbital, or steady state, phase is defined here as the phase following

launch, injection and acquisition.
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5. Almost three-quarters of the anomalous incidents re-
ported both in this update and in the combined sample are electrical
in nature as opposed to mechanical, chemical, unknown, etc. For those
incidents where it could be determined whether the anomaly was caused
by a piece-part, 12 percent of the incidents in this sample and 19 per-
cent in the combined sample were determined to be catastrophic part
failures*; 20 percent in both samples were noncatastrophic part failures
(degraded, intermittent, etc.); 68 percent and 61 percent, respectively,
were nonpart related.

6. In this sample 36 percent of the anomalies were the re-
sult of assignable (i.e., "preventable") causes and 10 percent of the
incidents had no assignable cause. In the combined sample the correspond-
ing percentages were 35 percent and 13 percent. For the remaining incidents
no conclusions could be drawn as to che assignability or nonassignability
of cause of failure. For those incidents of this update having assign-
able causes, nearly 68 percent were attributed to various aspects of the
spacecraft design, 21 percent to manufacture, and 10 percent to spacecraft
operation. The corresponding percentages for the combined sample are:
design, 65 percent; manufacture, 14 percent; operation, 9 percent.

Failure rate estimates for spacecraft subsystems, components,
and piece parts are given in Section III, Included in that section are
estimates of the probability of failure during launch for the same ele-
ments and confidence intervals for both parameters. Reliability engi-
neers and analysts, as well as personnel responsible for program man-
agement and advance system planning, should find Section I1II of special
*The term "catastrophic part failure" is defined as meaning catastrophic

to the part, e.g., & transistor or diode, and not necessarily to the
larger component or system.
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interest. The parameters presented for spacecraft subsystems and commonly
used components are felt to be a significant contribution to the relatively
sparse information generally available on this type of data.

Estimates of the snacecraft element reliability parameters, failure
rate and probability of failure, in addition to their tabulation, result
in the followins general conclusions:

1. The combined sample indicates that the power and attitude
control and stabilization subsystems have the highest on-orbit failure
rate among the subsystems. The propulsion, environmental control, and
structure subsystems have no reported catastrophic fatlures during orbit

2. The majority of the components considered in both samples
exhidbited no catastrophic failures either during launch or in orbital
operation. The most failure-prone component appears, as it did in the
earlier studies, to Ye tha magnetic tape unit with 55 catastrophic failures
occurring on 198 units observed. The failure rate for magnetic tape
units in the combined sample is 24 fatlures per million hours, a signifi-
cant decrease over that reported in the earlier sample {35 fatlures per
million hours). Most other components have somehwat lower failure rates

than those reported eariier.

3. In the combined sample, there are five failures attributed to

piece parts during launch and 56 during orbital operations. Forty-four part

types are included in the study. The on-orbit failure rates of capacitors

(1.0 per billion part hours), diodes (0.97 per billion part hours), and tran-

sistors (1.5 billion part hours) reflect the large number of obsarved units
and operating time and the relatively few observed on-orbit failures.
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The analyses relative to the secondary objectives of this study
are presented in Section IV.

The effect or dormancy on reliability is somewhat ambiguous.

The analysis of this factor does demonstrate conclusively, on the basis
of empirical data, that magnetic tape units and transmitters have a much
higher operating failure rate than dormant failure rate. No failures or
anomalies were identified which could be attributed to dormancy.

As reported earlier, the analysis of on/off cycling gives no clear
evidence of a supposed detrimental effect on reliability of cycling space-
craft components as opposed to a steady state operation. The data do in-
dicate, however, that for cycled components a rapid cycling rate is more
adverse than a slower one.

No quantitative relationship between product assurance elements
and spacecraft mission success could be demonstrated from the available
data. Several particular points meriting attention by spacecraft project
managers are contained in six experience bulletins.

Supporting tabulations for the entire study will be found in the
appendices; text references to the appropriate appendix sections are

provided.
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IT. CLASSIFICATION AND ANALYSIS OF ANOMALOUS INCIDENTS

The objectives of this section are to consider all reported in-

~cidents that affect the capability of a spacecraft to perform as desired,

to classify these incidents in a meaningful and organized manner, to ana-
lyze the incidents in areas of interest, and to draw conclusions generally

applicable to the U.S. space program.

A. BACRGROUND AND GENERAL APPROACH

The purpose of this study is to continue the examination of on-
orbit spacecraft reliébility reported in three earlier studies (see Ref-
erences 1, 7 and 9). The earlier studies collected data on 42 space pro-
grams and 310 spacecraft. This study is an "update" to the earlier re-
ports; therefore, data have been sought for both new programs and addi-

tional spacecraft of the programs in References 1, 7, and 9. The major

‘emphasis of the current report is on NASA spacecraft launched in a seven-

year time interval starting in 1970.

The same data collection and reduction procedures are employed
in each study. Al1 of the reliability reports, including the current
one, use the same format. This uniformity allows for analyses and
results of the four data sets to be combined in this report into a
large body of information about the reliability of spacecraft from
1958 to June 1978. For this report, the data are generally presented

in two groups or samples, one representing all data collected prior

-to thi; study and the other representing this sample or update only. In .
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some cases (such as for failure rates) results are given for the combined

sample as well.

1. Data Sample
Exhibit 1 depicts the four on-orbit reliability studies,
including the current one in terms of the programs and number of space-
craft considered. As shown in Exhibit 1, the 1978 update includes 45
spacecraft from 20 programs. Five of these 45 spacecraft were studied
in earlier reports and have continued to operate into the period of in-
terest to this study. .

In all analyses of the combined sample (from all four studies)
the data have been adjusted to reflect the non-independence of the samples.
In other words, corresponding data entries in tables presented for the
ore- and post—aédate sample: will not necessarily sum to the correspond-
ing data element for the combined sample. Thus, the data for the com-
bined sampiz are based on the operational records of 350 spacecraft from

52 programs.

2. Sources of Study Data

Requests for specific data elements were made to cog-
nizant .ponsoring agencies for specific programs. Many of these agen-
cies had previously been contacted for data utilized in the earlier
studies. Contacts were made to:

NASA Project Offices (Goddard Space Fl}ght Center, Ames

Research Center, Lewis Research Center, Langley Research

Center, Wallops Flight Center, Marshall Space Flight

Fie
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Center, Jet Propulsion Laboratory)
NASA Headquarters
NOAA (National Environmental Satellite Service)

The open literature also provided significant amounts of all
types of required data. The primary source of these data was the
National Technical Information Service (NTIS, Springfield, Virginia)
microfiche copies of government contract reports and symposium

proceedings.

3. Methods of Data Compilation

The types of documentation sought for this study were
similar to the earlier studies. The two major types of data are: (1)
an engineering report of the final design of the spacecraft, and (2)

a flight analysis for individual spacecraft from which operating

histories and all known anomalous behaviors can be obtained. From this
information Engineering Analysis Reports (EARs) are generated for each

spacecraft. The EAR is tailored to provide the information content

required to meet the study objectives and provides a uniform base for
each spacecraft of the study. The EAR is completely described in
Appendix B.

In the EARs the treatment of standby and redundant units is con-

sistent for all data samples and emphasizes the utilization of only known
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values. Operational hours in the EARs were recorded as “powered" and
“unpowered" where such information was known. For much of the equipment,
however, the information available only indicates that at a given time
the equipment was known to be operational. For this reason the unit of
measure in the analyses of this section and of Section II! is survival
time. In those instances where standby hours are reported, it fs known
that the unit in question was turned off for the given number of hours
and known to have been subsequently operational. These data are analyzed
in Section 1V,

Redundant equipment was treated in the following manner. If a
spacecraft had an active redundancy composed of, say, two units, and if
the descriptive material indicated that it was reasonable to assume both
units operated successfully for, say, 1000 hours, then two entries are
made for the two units. On the other hand, if all that could be deter-
mined was that one or the other operated for the given time, then only

one entry was made.

4, Methods of Data Analysis

a. Techniques and Parameter Estimation

The authors believe that the crux of studies
of this nature is the provision of a large amount of data in a readily
usable form. For this reason, as well as the fact that the information
from the documentatiun does not warrant application of highly sophisti- —
cated tichniques. the methods of analysis are simple and straightforward.
Classification and sumarization, using simple, readable tables,

are the primary presentation techniques. In general, statistical
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inferences are not drawn from these efforts. At the component/equipment
level and piece-part level, failure rates have been generated using tech-
niques which are generally accepted. Conclusions have been drawn where
appropriate, but the emphasis is placed on presenting data in such a form
that readers may easily draw their own conclusions in areas of their

special interest.

b. Assumptions and Biases

Because of the emphasis on recording only known
values for the various data elements. engineering assumptions are held
to a minimum in the generation of an EAR.

The major assumption underlying the estimation of failure rates
is that time-to-failure is adequately expressed by the negative exponen-
tial distribution. The data generated herein preclude the use of an
alternate assumption, a situation that also existed in earlier studies.

The major bias in the study continues to be that all anomalous
incidents in the analyses are “reported" incidents versus the desired
"accurring" incidents. The cause of the bias can be traced to several
sources: (1) diversity of detail, (2) method of documentation employed
by the various program offices, (3) reliance in some cases on personal
interviews, and (4) state-of-the-art limitations (i.e., part operational
data).

Documentation for the spacecraft in this sample was significantly
more detailed and of higher quality, on the average, than in the earlier

studies.

i
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5. Definitions

Definition of terms used in this report is presented in
context; terms requiring definition are generally associated with anomaly
classifications. The use of acronyms has been kept to a minimum and
those that are used are easily identifiable; mathematical symbols are

those in general use.

B. SUMMARY OF REPORTED INCIDENTS

From the spacecraff EARs, a summary of all anomalous incidents
has been compiled for each of the four study samples. The summary for
this study is found in Appendix A-IVa and is in the same format as the
corresponding 1ists for the earlier studies (see Appendices A-la, A-Ila,
and A-1Ila). The format 1ists in the following order: unsuccessful
launches; every anomalous incident recorded in the EARs subsequent to a
successful launch; and finally, every sucessfully launched spacecraft in
which no anomalous incidents were recorded.

Each line entry in the appendices referred to above inclu..es first
an index relating the entry to a specific program and spacecraft.‘ For
those launches that were unsuccessful, this fact is entered to complete
the entire entry. In cases where no anomalous behaviors were noted, this
fact, plus the total time in orbit and whether the spacecraft is currently
operable or not, completes the entry. Each anomalous incident recorded

contains the following information in each entry:

TThis relationship between the index and specific launch is not available
to the r:ader and is a method of preserving the anonymity of programs and
spacecraft
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1. Time the incident occurred. An entry of ¢ indicates
that the incident occurred between the end of countdown and the establish-
ment of the initial orbit. An entry of -~ indicates that the anomaly
cannot be pinpointed in time since it was intermittent, gradual, or un-
known. All other entries are in hours.

2. Three short statements giving a description of the inci-

dent, its cause, and its effect on the mission as a whole,

3. Any known corrective action taken to prevent occurrence
of the incident on future flights or to obviate its effect on the flight
under consideration.

4. Other clarifying remarks required to put the incident in

the proper context.

g gt ot - owp

It should be made clear that this listing does not pretand to be

exhaustive of all such incidents that have occurred, even on the space-

FER S %

craft reported in this study, because of the wide variability in quantity
and quality of data available to the study. Thrre is no reason to be-

lieve, however, that it is not indicative of spacecraft reliability

S B &5

problems.

IR T

C. CLASSIFICATION OF ANOMALOUS INCIDENTS
1. Summary of Classification Codes

Because ot the large number of anomalous incidents in this

e e . -
TRE T

sample (and in the previous samples) classification and summarization is

mandatory to extract readily usadle information. A coding scheme, iden- IE y
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tical to that used in previous studies is used to accomplish this puigcee.
There are nine characteristics for which each anomalous incident is coded.
Some fnformation needed to select a particular code for a given entry oc-
curs only in the EARs so that, in a sense, the classification carries more
{nformation than provided in the entries of Appendices A-la, A-Ila, A-11la,
and A-Iva. The complete coding of each entry is given in Appendices A-Ib,
A-11b, A-11Ib, and A-IVD.

Exhibit 2 1ists the names of eight of the classifications used.
Definitions of the terms are given in the following paragraphs, together
with the results of the classifications of the anomalies. Roman numerals
following the paragraph headings refer to the Roman numerals in Exhibit
2. The ninth classification, Subsystem Function, is discussed in Subsec-

tion D.

2. Mission Subset (1)
This code simply identifies the unsuccessful launches (U)

and those spacecraft for which there are no reported anomalies (S).

For this update, two of the 45 spacecraft launches were unsuccess-
ful; there were no spacecraft that experienced zero anomalies. Five of
the 43 successfully launched spacecraft were considered in the previous

study as well as this one. Therefore, for the combined sample:

(Y Total Number of Spacecraft: 350

° Unsuccessful Launches 43
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FXHIBIT 2 - ANOMALOUS INCIDENT CLASSIFICATION CODES

1. Mission Subset

J. Unsuccessful Launch

S. Spacecraft with No
Anomalies Reported

Spacecraft with
Anomalies Reported

I1. Mission Term
L. Long Term
S. Short Term

111. Mission Phase

L. Launch and Acquisition
0. Orbital (Steady-State)
Q. Unknown

IV, Mission Effect
1. Kegligible
2. Non-Negligible but Small

3. 1/3 to 2/3 Mission Loss

4. 2/3 to Nearly Total
Mission Loss

5. Essentially Total
Mission Loss

U. Unknown

v. §ggcecraft Subsystem

a. Timing, Control and
Command

b. Telemetry and Data
Handling

V1.

V1.

vii.

c. Power Supply

d. Attitude Control and
Stabilization

d* Propulsion
e. Environmental Control
f. Structure

g. Payload (Experimental
and Scientific)

. Unknown

. Incident Type

h

A

E. Electrical

M. Mechanical

0. Other

U. Unknown

B. Incident Type
¢

. Catastrophic Part
Failure

0. Other Part-Related
Incident

N. Non-Part-Related
Incident

U. Unknown
Incident Cause

A. Assignable

N. Non-Assignable
U. Unknown
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° Total Spacecraft Reporting No Anomalies: 40 %
¢ Total Spacecraft Reporting Anomaiies 267 “"
) Total Anomalies Reported: 2,096 g& g
The breakdown, by number of spacecraft and percentage is as follows: < R
%’ﬁi A .;‘
f“ ]
£ R
Number ... Percent A
Total Total peped i
Pre- Data Pre Data 2 B B
Update Update Base Update Update Base =
I. Mission Subset : ‘
9 PR
U. Unsuccessful i v
Launch 2 )| 43 5.0 13.3 12.3 %
N
S. Spacecraft o &
Nith No M
Anomalies ¥: 6
Reported 0 © 40 0 129 1.4 L
Spacecraft 11t
Nith Al E
Anomalfes 1o
Reported 38 229 267 95.0 73.8 76.2 5 HE I
o de

=

Lt

£
s
[-3
35
: 5

I

3. Nission Term (11)
The code identifies long-term (L) or short-term (S) mis-

.
L

i b
N H

stons. 1f a mission is anticipated to be longer than 60 days it is clas-
sified long-term. A1 spacecraft except one in this data sample are long-
term missions: the total sample contains 138 short-term ard 212 lony-term
missions. In the update data, there were 705 anomalies associated with
Tong-term missions, and one anomaly with the short-term mission. For the
total data base. 79.1 percent of the anomalies are associated with long-

term missions, and 20.8 percent with short-tern missions.

= = i ittt il
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The breakdown, by number of anomalies and percentages, is as
follows:
Number Peréentggg
Total Total

Pre-  Data Pre-  Data
Update Update Base Update Update Base

IT. Mission Term
L. Long Term 708 990 1,695 99.9 71.9 80.9
S. Short Term 1 400 40 0.1 28.6 19.1

For this sample, the average number of anomalies reported is
17.8 per long-term spacecraft. This is significantly greater than the
pre-update figure of 7,1 anomalies per long-term spacecraft. This in-
crease appears to be due in part to the increased detail of reporting on-
orbit experience and in part to the increased complexity of spacecréft
i: this sample. That is, many spacecraft carried more equipment than
“those launched eariier and therefore were subject to more anomalies. For
_ the combined sample, the number of anomalous entries per long-term space-
- craft is 9.7.
& ‘ Further analysis concerning detailed anomaly times will be found

{ﬁ subsection II-D-7 below.

4, Mission Phase (I1I)

A spacecraft mission can be thought of as consisting of

VAl W S RY ™I 5 G BN BN NS IS oM &S EmC BB

J two'distinct phases: launch and acquisition (L) and the orbital or steady-
state phase (0). An anomaly occurring during launch and acquisition is
vav classified L; if it occurs'during steady-state operation it is classified
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0. A third category, Q, is provided for those instances where the dichot-

omy cannot be made due to insufficient information. The distinction was
made on the best judgment available based on the engineering analysis re-
ports. Generally, those incidents indicating an ¢ , or very few hours
of elapsed time at occurrence, are classified as L, all others as 0.

The breakdown of anomaties occurring in each category and the
associated percentages is as follows:

Number _; Percentage

Total Total
Pre- Data Pre- Data
Update Update Base Update Update Base

ITI. Mission Phase

L. Launch and

Acquisition 55 415 480 9.2 29.8 22.9
0. Orbital

(Steady-

State) 638 970 1,608 90.4 69.8 76.7
Q. Unknown 3 5 8 0.4 0.4 0.4

The 29.8 percent of all anomalous incidents occurring in the

launch phase previous to this update, reflects, at least in part, the

~fact that ull Ranger, Mercury, and Gemini missions were defined to con-

sist of launch and acquisition phase only and that many cther spacecraft

(e.g.. Agena) were relatively short-term. The 9.2 percent of all anomalies

jﬁ this update occurring during the launch phase compares reasonably well
with the pre-update sample when considering the spacecraft complement of
- the pre-update sample.

5. - Mission Effect (IV)
The five groups fncluded in this classification indicate
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:
the severity of the anomalous incident in terms of its gffect on the over- ii ?
all mission had it occurred tn isolation, The definition of each class 1,
2y 3, 4, and 5 should be self-evident from the classification names given I!
in Exhibit 2. Thus, tn column [V of the tables in Appendices A-lb, A-Ilb,
A-1T1b, and A-IVb, all tncidents coded ) have essentially negligible effect !i
on mission performance; those coded § are etsentially catastrophic to the !B

mission. The code U indizates there was tnsufficient information on which

to assign a mission effect code.
The breakdown of these groups, by number and percent of anomalies, El 5

is as follows:

N e dercentage
Total Total
Pre- Data Pre- Data

Update Update Base Update Update Base

IV. Mission Effect

1. Negligible 505 828 1,330 NS 59.4 63.4
2. Non-Negligible

but Small 161 48 579 22.8 304 21.6
L3t 2(3

Misston Loss n 8% %8 1.8 6.) 4.7

4, 2/3 to Nearly

Tatal Mission B
Loss 0 20 ’ 20 0 1.4 0.9%

5. Essentiall
Total Misston
Losg  ° 4 40 « 0.% 2.9 2

U Unkeown, 28 2 T I R

An observation made on the pre-update sample holds both for this
update and the combined sample. That is, very few spacecraft drop out of
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of several lower severity level anomalies, planned mission termination, or

eight major spacecraft subsystems is wost closely related to the incident.

‘programs, the program management will know what functions the planned
_hardware configuration that will be used to perform the desired functions.

‘useful in the predesign phase of program development. For example, one

' 'wodld be interested to know, based on past experience of other programs,
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the sample as a result of a single failure {coded 5). Maximum sample time

for the spacecraft {s far more likely to result from the cumulative effects

simply, the extent of the available data.

6. Spacecraft Subsystem (V)

Each anomalous incident is coded according to which of

An unknown category is included for those cases where a relationship does
not exist or cannot be determined from the available information. The
subsystems used for this classification are meant to define broad function-
al operations found to one extent or another in all spacecraft. The func-
tional definition for subsystem was chosen rather than a definition based
on hardware for two reasons. First, subsystem definitions vary among
organizations and among program offi.es of the same organization. The

data analysis requires a grouping that can be applied to all spacecraft of
the collective data sample. The second and more important reason for

using a functional definition is that, in the predesign stages of future
spacecraft is expected to perform with more certainty than the actual

The comparisons at the subsystem level as defined in this report would be

with what certainty a spacecraft would deploy its structural elements

~ (structure subsystem) or supply power to the otner planned functicns

. - g 5]
" Wwﬂ% O T s ey
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e

(power supply subsystem). In the later stages of development of a pro
Jjected program, when more is known about the hardware configuration, the
interest would shift to the equipment group/component level of analysis
which is hardware oriented.

The following 1ist defines the subsystems and indicates the
types of equipment that are consiaered to be a part of each subsystem.

a, Timing, Control and Command

Command receivers, decoders, timerS. programmers,
sequencers, command distribution equipment

b. Telemetry and Data Handling

Encoders, D/A converters, A/D converters, tape
recorders, signal conditioners, telemetry trans-
mitters, tracking transmitters, antennas

c. Power
Batteries, solar arrays, fuel cells, converters,
inverters, regulators, protective devices,
charge regulators

d. Attitude Control and Stabilization

Gyros, spin control, magnetometers, sun aspect
indicators, eddy current dampers, horizon scan-
ners, star trackers, dynamic control

d* Propulsion
Coding this subsystem with a d* indicates that
the propulsion subsystem considered here is
more closely related to the attitude control

subsystem of the spacecraft than to the launch
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vehicle. Included are hydrazine thrusters,

tanks, valves, etc.

- s B
Ca -
e e - “a o

e. Environmental Control

Both passive and active thermal control
devices, life support systems.

f. Structure
Basic structure, bocms, solar paddles,
separation.

g. Payload (Experimental and Scientific)

Wide-band communications (for spacecraft where
this equipment was considered experimental),
microwave equipment (cavities, TWTs, etc.,
flown for assessment pqrposes). university
experiments, particle detectors, mass spec-
trometers, plasma analyzers, infrared radio-
meters, ultraviolet radiometers.

Although it is felt that these groupings are essentially self-
explanatory, checking a few of the codes in Appendices A-Ib, A-Ilb,
A-111b, and A-1Vb with their corresponding entries in Appendices A-la,
A-1la, A-1Ila, and A-IVa should dispel any confusi. -nis procedure

is applicable to most of the other classifications as well.

The breakdown, in terms of number of anonalies and their

associated percentages, to each of the subsystem categories is as

follows:
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Number Percentage
Total Total
Pre- Data Pre- Data %
Update Update Base Update Update Base ﬁ
V. Spacecraft Subsystem E
a. Timing, Control
and Command 76 214 290 10.8 15.4 13.8 .
b. Telemetry and . £
Data Handling 136 463 599 19.3 33.3  28.6 {
c. Power Supply 68 131 199 9.6 9.4 9.5 ﬁ !
d. Attitude Contro o
and Stabiliza- o
tion 104 183 287 14.7 13.2 13.7 “ g’:
d* Propulsion 3 3 62 4.4 2.2 2.9 & F,
7 vi
e. Environmental %%
Control 7 29 36 1.0 2.1 1.7 ¥
f. Structure 28 19 a7 4.0 1.4 2.2 g"
g. Payload »
(Expuorimental =K
and Sclentific) 256 284 540  36.2  20.4  25.8 R
h. Unknown 0 36 3 0.0 2.6 1.7 : @

The relatively large percentage of reported anomalies in the

telemetry and data handling subsystem as indicated in the above breakdown,

T %'E-F"W

is to be expected. Since this subsystem is, of course, monitored more

closely than other subsystems, an indication of an anomaly is more likely

e s

to be observed in this area. The large number of payload anomalies in

this sample relative to the number in the pre-update sample, is felt to

AT

be due in part to the large number of payloads relative to other sub- .

]

system functions in the update. Also, payloads are often unique, push the

state-of-the-art, and are constructed with fewer quality assurance
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provisions less stringently enforced than basic spacecraft subsystems.
Finally, the payloads carried by recent spacecraft tend to be more com-
plex than those carried by many of the spacecraft in the pre-update
sample, and this may lead to more anomalous incidents per payload.

Exhibits 4 and 5 provide additional information tending to confirm the

increase in payload anomalies.

7. Incident Type (VI)

a. Incident Type (VI.A)

This classification places an anomaly in one of
four mutually exclusive groups: electrical (E), mechanical (M), other
(0), and unknown (U). Those entries in Appendices A-Ib, A-IIb, A-IIIb,
and A-IVb coded with an E in the VI.A column indicate that anomalous
behavior is exhibited by electrical or electronic parts, components, sub-
systems, or functions. Those anomalies coded M are similarly defined for
mechanical parts, components, subsystems, or functions. An Q indicates
behavior of equipment that cannot be classified electrical or mechanical:
propellant degradation, for example. A U indicates insufficient inform-
ation to assign the entry to any of the other three categories.

The breakdown of anomalies and percentages in this classification

group is as follows:

Number Percentage

Total Total
Pre- Data Pre- Data
lipdate Update Base Update Update Base

VI.A. Incident Type .
E. Electrical 473 1,065 1,538 67.0 76.6 73.4
M. Mechanical 66 126 192 9.3 9.1 9.2
0. Other 60 98 158 8.5 7.0 7.5
U. Unknown 107 101 208 15.2 7.3 9.9
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b. Incident Type (VI1.B) i

‘The classification of column VI.B in Appendices ZT

A-Ib, A-IIb, A-II1Ib, and A-IVb attempts to divide incidents into those z;
that are part related and those that are nonpart related. A code of C ?"
indicates those incidents arising from a catastrophic part failure*. An * Z

0 indicates that the anomalous incident is related to behavior of a
part (or parts) that has not failed catastrophically (degraded, inter-

mittent, etc.). An N indicates an anomalous incident not related to any

part misbehavior. A U indicates that insufficisnt information exists
to determine whether part behavior was involved or not.
The breakdown by number and percentage of anomalies for these

categories is as follows:

B oEh o mE =a

Number Percentage
Yotal Total
Pre-  Data Pre-  Data g
Update Update Base Update Update Base
VI.B. Incident Type
C. Catastrophic
Part Failure 42 183 225 5.9 13.2 10.7
0. Other Part-
Related
Incident 68 174 242 9.6 12.5 1.5
N. Non-Part-
Related
Incident 237 490 721 33.6 35.2 34.7
U. Unknown 359 543 902 50.8 39.1 43.0

* The term “catastrophic" here is defined to mean "catastrophic" to the
part and not necessarily to the larger component or system. Typical
pes of catastrophic part failures include a transistor or d*)de
shorting for no known reason. This definition is consistent with that

used in the negative exponential distribution for modelling failure
probability.
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Of the 347 incidents in this update where it could be determined
whether the anomaly was part or non-part caused, 110 (31.7 percent) wev:
piece part related. Of these, 42 (12.1 percent) were catastrophic piece
part failures. Of the 1,153 incidents in the total data base for which
this determination could be made, 39.1 percent were piece part related,
and 18.8 percent were catastrophic piece part failures.

It is important to note that, in the pre-update sample, of the
847 anomalous incidents where a relationship could be coded, over three-
quarters (78.4 percent) are not catastrophic part failures, and thus not
representative of the type of failures modeled by the classical reliabi-
1ity approach. In this update, thic tendency is even more pronounced.
Of the 347 anomalies where a relationship could be determiﬁéd. 87.9 per-
cent are not catastrphic part failures.

Further analysis of part types will be found in Section III,
where survival hours and anomalous incidents are used as the basis for
reliability calculations. Further analysis on the effects of part fail-
ures will be found in subsection 11-0-4 below.

8. Incident Cause (VII)

Three broad groups are defined for incident cause in
column VII of the tables in Appendices A-1b, A-IIb, A-IIIb, and A-IVb:
assignable causes (A), nonassignable causes (N), and unknown (U).

An assignable cause is attributed to an anomalous incident if

the incdient could have been prevented by taking some action wel)
within the state-of-the-art prior to launch. If the incident could not

have been prevented in this manner, it is classified nonassignauie (N).

If insufficient information exists to make a judgment, the anomaly is
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\ classified unknown (V). {j E
g The breakdown for these categories is as follows: l_ ,&
. | 2
Number Percentage ';j
Total Total l §
Pre- Data Pre- Data "
Update Update Base Update Update Base "
VII. Incident Cause l "
A. Assignable 285 477 732 36.1 4.3 N9 l‘ .
. B
N. Non-Assignable n 193 264 10.1 13.9 12.6 .
U. Unknown 380 720 1,100 53.8  51.8  52.5 B|:
The categorization of column VII is of major interest. In both Ei §§
this sample and the pre-update sample, the data indicate that over one- 2
third (at least) of the incidents have assignable causes and thus form a

clear basis where reliability of spacecraft might be improved. Since over
half of the anomalous incidents 'vere classified "unknown", the percent-
age of anomalies with assignable causes is probably much higher. Further

discussion of the assignable cause category is given in Subsection II-D-3

below.

9, Subsystem Function (VIIl)

This classification is a secondary breakdown of space-

craft subsystem, and is treated in detail in Subsection l1-D-2 below.

10. Remarks
When the 2,096 anomalous incidents of the combined
sample are categorized accordiny to the characteristics discussed above,

the results indicate that the typical reported anomaly occurs on a long-
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term mission in the orbital phase, has a negligible effect on the mission,

occurs in a payload, and is of unknown origin and cause.

D. FURTHER OBSERVATIONS MADE FROM ANOMALOUS INCIDENT CLASSIFICATIONS

Subsection C above has served to give a large picture of the
anomalous incidents reported in this study. It is the intent of this sub-
section to examine, in more detail, four of the characteristics used in
the preceding subsection to classify anomalous incidents. The four
characteristics of interest in this further analysis are: Mission Phase,
Spacecraft Subsystem/Subsystem Function, Incident Cause and Catastrophic
Part Failures/Mission Effect. The analysis of this subsection, then, is
concerned with the time of anomaly occurrence, its iocation within the
satellite, its assignable cause, and the effect of part failures on

mission performance.

1. Mission Phase

The classification used above for this characteristic
somewhat arbitrarily considers the anomaly to have occurred either during
iaunch and acquisition or the steady-state, orbital phase of the mission.
Since time is of paramount interest in reliability studies, the analysis
of this section focuses on the occurrence of the incidents as a function
of time.

The following analysis is based on the 211 long-term spacecraft
of the combined sample.l For the 177 successfully launched, long-term

lOne long-term spacecraft is not included because mission time is not
available,
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) spacecraft, there are 1,695 associated incidents of anomalous behavior.
Exhibit 3 1ists the sample hours associated with each spacecraft, along
with the number of anomalies that occurred on each spacecraft. The
sample hours are the lengths of time for which data on anomalous behavior

are available to this study. In some cases, "sample hours" represents the

L g

complete loss of the mission; in others it simply represents the extent

R AKTVY DM s

of the available data. The Index Number is a code used to protect the

= 3 &= 2| e D

identity of the spacecraft.

Note that use is made in Exhibit 3 of the symbol ¢ . This

ATV

symbol implies that loss of mission occurred very early, generally during Eé
the launch and acquisition phase. i‘fﬁi

The rate of reported anomalous incidents as a function of time g?
can be derived from Exhibit 3. During ¢ (escentially launch and acqui- g;
sition) the reported anomaly rate is 0.04 anomalies per spacecraft. gg

a

‘During the first 1,000 hours, the anomaly rate is 0.10 anomalies per

s
¥
w's 8 ¥

)

spacecraft. The overall anomaly rate (subsequent to ¢ ) is 0.37

PN

anomalies per spacecraft per thousand hours.

<

For short-ternm systems, an analysis similar to the preceding is

not particularly instructive because of the short mission times, in

" A K R VR
3 ‘Q.n‘;w“ e
AR R

general less than 100 hours, and the concomitant short time to anomaly
occurrence. There are 129 sucéessfully launched short-term spacecraft
included in the combined sample, and there are 401 associated anomalfes.

Of the 401 anomalies only 127 have a recuvrded occurrence time other thar
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epsilon.

These 127 incidents are dis

Time of Occurrence
(Hours)

0<ts]

1<t s?

2<t=3
5

O 0O ~N o

10
10 <t <20
30
40
50

20 < t
0 <t
40 <t
50 < t < 60

1A

1A

1A

60 <t <70
70 <t 5 80
80 < t < 90
90 ¢ t ¢ 100

100 < t < 200
200 < t g 300
300 < t < 400

t > 400

1A
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Number of
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2. Spacecraft Subsystem Analysis by Functional Groups

The assignment of anomalies to the subsystems (character-
fstic V) is helpful in narrowing down the functional aspect of spacecraft
which is the most troublesome. A further step in this direction {s jus-
tified to isolate more precisely the location of anomalous incidents.

To do this a number of subfunctions (characteristic VIII) are defined for
each previously defined spacecraft subsystem. The subfunctions for each
subsystem are defined so that they are mutually exclusive and exhaustive,
i.e., they do not overlap and they do cover the entire subsystem. Efach
anomalous incident carries, therefore, two codes relating the incident

to functional location within the spacecraft. The subsystems, subfunc-
tions, and codes used for each are tabulated in Exhibits 4 and 5. Ex~
hibit 4 gives the total number of functions in the update sample, the
total number of anomalies observed, and the anomalies per function for
this update. Exhibit 5 presents the same information for the pre-update

samples.

3. Incident Cause--Assignable

The interest in further examination of the anomalous in-
cidents classified as having assignable causes (characteristic VII) stems
from the observation that a major way to increase the reliability of
spacecraft is to remove all causes of anomalistic behavior. Of the 706
anomalous incidents in this sample, 255 can be assigned a cause of occur-
rence, and of the 1,390 incidents in the pre-update sample, 477 can be
assigned a cause of occurrence. These incidents are examined in this sub-
section to discover the contribution they could make in pointing out

problem areas.

e [ ——— P
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EXHIBIT 4 - DETAILED CLASSIFICATION OF ANUMALOUS INCIDENTS BY SPACECRAFT
SUBSYSTEM AND FUNCTION, THIS SAMPLE

Number of
Number of Reported
Functions Anomalies Anomalies
Subsystem Function in Sample by Function per Function
a . TIMING, CONTROL, 43 88 2.05
AND COMMAND
1. Receiving 43 28 0.65
2. Decoding 37 4 o
3. Command Distribution 20 1 0.55
4. Sequencing and 21 27 1.29
Programming
5. Timin? 24 11 0.46
6. Manual Control -- -- -
7. Unknown -- 6 .-
8. Unassignable .- 1 .-
b. TELEMETRY AND DATA 1Y 161 3.93
HANDLING
1. Data Point Sensing 10 29 2.90
and Monitoring
2. Signal Conditioning 6 3 0.50
3. Encoding, Formatting 38 10 0.26
4. Data Storage 34 55 1.62
5. Transmission 39 59 1.51
6. Unknown -- 1 -
7. Unassignable .- ) .-
c . POWER 45 68 1.51
1. Conversion 45 16 0.36
2. Storage 41 30 0.73
3. Power Control 43 13 0.30
4. Power Distribution 38 4 0.
5. Unknown - 5 -
6. Unassignable .- -- -~
d . ATTITUDE CONTROL AND 42 122 2.90
1. Orientation Sensing 40 58 1.45
2. Active Attitude 30 57 1.90

. Correction
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EXHIBIT 4 - (Continued)
Number of IS
Number of Reported N w
Functions Anomalies Anomalies ] o
Subsystem Function in Sample by Function per Function g W
3. Passive Stabilization 24 3 0.13 >
4. Unknown .- 4 -- I 4
5. Unassignable -- -- -- by
d *. PROPULSION 13 31 2.38 A
1. Navigation 9 3 0.33 ] &
2. Propulsion 13 27 2.08 L IS
3. Unknown -- 1 == » I
4. Unassignable - -- -- e
e . ENVIRONMENTAL CONTROL 38 7 0.18
1. Active Thermal Control 22 7 0.32 O
2. Life Support - - -- 2
3. Unknown - - - ;"
4. \Unassignable - -- -- A B
£ . STRUCTURE 45 28 0.62
1. dasic Structure a5 -- -- :
2. Deployable Structure 31 27 0.87 {3
3. Separation 45 1 0.02 g
4' UnknDWh - - - Ci‘
5. Unassignable : -- .- - H
g . PAYLOADS 292 1o
1. Scientific 246 249 1.01 i
2, Technological 46 45 0.98 | 4
3. Unknown - - - .
4. Unassignable - . -- -- - it
h .  UNKNOWN - -- -- "
g

» up——
&
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EXHIBIT 5 - DETAILED CLASSIFICATION OF ANOMALOUS INCIDENTS BY SPACECRAFT 5 T
SUBSYSTEM AND FUNCTION, PRE-UPDATE SAMPLE %
Number of B §$
Number of Reported q 5
Functions Anomalies Anomalies {
Subsystem Function in Sample by Function per Function ]
a. TIMING, CONTROL, AND 222 202 0.91 ?
COMMAND
1. Receiving 218 75 0.34
2. Decoding 214 19 0.09 ‘4
3. Command Distribution 52 19 0.37 o
4. Sequencing and 167 36 0.22 i
Programming Y
5. Timing 157 19 0.12 %.
6. Manual Control 1 -- -- 15&
7. Unknown -- 23 -- ]
8. Unassignable - 1 - 9 £
b . TELEMETRY AND DATA 236 440 1.86 : §§
HANDL ING 2
1. Data Point Sensing and 154 177 1.15 1
Monitoring
2. Signal Conditioning 40 -- --
3. Encoding, Formatting 226 53 0.23
- 4, Data Storage 92 96 1.04
5. Transmission 231 92 0.40
6. Unknown -- 14 --
7. Unassignable -- 8 --
¢ . POWER 237 131 0.55
1. Conversion 130 24 - 0.18
2. Storage 230 a7 0.20
3. Power Control 204 37 0.18
4. Power Distribution 141 8 0.06
5. Unknown -- 13 --
6. Unassignable -- 2 -
d . ATTITUDE CONTROL AND 202 163 0.81
1. Orientation Sensing 186 73 0.39
2. Active Attitude 179 62 0.35

Correction
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EXHIBIT § - (Continued)
Number of
Number of Reported
Functions Anomalies Anomalies
Subsystem Function in Sample by Function per Function
3. Passive Stabilization 45 8 0.18
4. Unknown -- 12 -
5. Unassignable -- 8 --
d*. PROPULSION 108 31 0.29
1. Navigation 99 8 0.08
2. Propulsion 108 10 0.09
3. Unknown - 3 -
4. Unassignable -- 10 -
e. ENVIRONMENTAL CONTROL 42 29 0.69
1. Active Thermal 41 17 0.41
Contro)
2. Life Support 12 5 0.42
3. Unknown -- 2 --
4. Unassignable -- 5 --
f. STRUCTURE 227 19 0.08
1. Basic Structure 222 2 0.0l
2. Deployable Structure 58 6 0.10
3. Separation FAR| 10 0.05
4. Unknown - 1 .-
5. Unassignable -- - -
g. PAYLOADS 517 250 0.48
1. Scientific 465 174 0.37
2. Technological 52 75 1.44
3. Unknown - 1 -
4, \Unassignable -- ~- --
h. UNKNOWN -- 36 --

i
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Assignable causes are attributed to those anomalies that could
have been prevented by some action taken before launch, within the state-
of-the-art, if those responsible for the action were prescient. Anomalies
due to postlaunch errors in spacecraft command and control are also cate-
gorized as due to assignable causes. Four general areas can be identified
among the entries for which assignable causes exist. Their definitions
are as follows:

(1) Design: This area covers many anomalous behaviors
such as RFI and sensitivity problems, unanticipated wearout or degradation
as a result of time or known environmental conditions. The anomalies can
be electrical, mechanical, thermal, or system-related.

(2) Manufacture: This area includes parts or materials
that are faulty due to some manufacturing problem, contamination, faulty
solder joints or other connections, quality control, and the like.

(3) Operation: Human error is the prime reason for
anomalies classified in this group. Errors included involve those asso-
ciated with the spacecraft control function, usually by commanding, pro-
gramming, or calibrating the spacecraft.

(4) Other: A miscellaneous classification, grouping
together several areas such as meteoroid bombardment, anticipated wearout
and secondary failures.

Exhibit 6 shows the number of "assignable cause" entries in the
four categorieS and the associated percentages for the successfully launched
spacecraft in this sample. Exhibit 7 gives the same information for the

pre-update sample. Of all assignable causes, 68.6 percent were attributed
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EXHIBIT 6 - DETAILED BREAKDOWN OF ANOMALOUS INCIDENTS BY ASSIGNABLE CAUSE,

THIS SAMPLE
Number
A1l Assignable Causes 255
Design 175
RFI, etc. 38
System 24
Electrical Components 54
Mechanical 24
Thermal 27
Unanticipated Wearout or Degradation 6
Launch Vibration and Shock 2
Manufacture 54
Fabrication, Q.C., etc. 19
Contamination 15
Faulty Parts or Materials 20
Operation 26
Other 0

PRC R-1863
41

Percent
]
100.0
68.6
14.9
9.4
21.2
9.4
10.6
2.3
0.8
21.2
7.5
5.9
7.8
10,2
0.0

DRSO -



PRC R-1863
LY

=28

ot

i
E\ T j
R
s

RS BRI e

34 EXHIBIT 7 - DETAILED BREAKDOWN OF ANOMALOUS INCIDENTS BY ASSIGNABLE CAUSE,
" PRE-UPDATE SAMPLE

¥ L

Number Percent E %

AN Assignable Causes a77 100.0 U

Design 289 60.6 :

RFI, etc. 82 17.2 !j

. System 49 10.3 & ;:
Electrical Components 58 12.1 " %‘
Mechanica) 28 5.9 a ""
Thermal 32 6.7 | 3
Unanticipated Wearout or Degradation 27 5.7 g f_:;fr
Launch Vibration and Shock 13 2.7 Q E
Manufacture 70 14.7 an
Fabrication, Q.C., etc. 34 71 g ; "-'7‘
Contamination 21 4.4 " 1
Faulty Parts or Materials 15 3.2 B ] f@
Operation 41 8.6 g ;&;
Other 7 16.1 '

-
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to Design in this update, 60.6 percent in the pre-update sample. In
this sample 21.2 percent were attributed to Manufacture compared to
14.7 percent in the pre-update sample. Of assignable causes 10.2 per-
cent were attributable tc Operation in this update, 8.6 percent in the
pre-update sample. There were no assignable causes in this update that
were classified in the miscellaneous "Other" category; 16.1 percent of
the pre-update assignable causes were in this category.

As the exhibits indicate, two of the four categories are further
subdivided. The various subcategories under "Design" are as follows:
(1) the subcategory "RFI, etc." includes all anomalous incidents attri-
buted to inadequate RF! design, noise sensitivity, and transients--14.9
percent of the assignable causes in this update belong to this category,
and 17.2 percent of the pre-update assignable causes; (2) the three sub-
categories "System," "Mechanical," "Thermal," include incidents arisinn,
respectively, from inadequate design (a) in the spacecraft/environment or
subsystem interfaces, (b) in deployment, structural stiffness, or any
moving mechanical parts, and (c) for proper spacecraft thermal balance;
(3) the category "Electrical Component" refers to anomalies attributed to
inadequate design of a receiver, encoder, horizon sensor, or any elec-
trical or electronic component--there are 21.2 percent update and 12.1
percent pre-update assignable causes in this category; (4) “Unanticipated
Wearout or Degradation" is attributed to anomalies where, for example, a
battery simply wears out before anticipated or where other components or
parts do not have the inherent capability to survive either the normal

spacecraft environment or the expected life of the component or part;
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(5) those anomalies classified “Launch Vibration and Shock" are attributed

a4

to designs inauequate to survive the normal stresses a spacecraft under-

pon p—
r‘i

goes during launch. There are only 0.8 percent update and 2.7 percent pre-

update assignable causes in this category.

e M W e e

Under "Manufacture" there are three subcategories. Included under
"Fabrication, Q.C., ETC." are anomalies 1ike cold or loose solder joints,
loose conenctions and missing parts. "Contamination" covers the relatively
high occurrence of clogged 1ines, excess moisture, foreign matter in valves
and the like--5.9 percent update and 4.4 percent pre-update assignable
causes fall in this category. "Faulty Parts or Materials" indicates such

items as a faulty capacitor or degraded propellants caused by an improper

manufacturing process. All of these subcategories are mutually exclusive.

4. Catastrophic Part Failures/Mission Effect.

As indicated earlier, there are 42 catastrophic piece part
failures in the update data. These 42 anomalies are further analyzed here
to provide insights into their effects on mission performance.

To achieve the proper perspective, two detailed data breakdowns
are required, 1) the extent of missfion ioss caused by part failures, and
2) the proportions of part/non part related anomalies causing critical
mission loss. In other words, the situation is examined from two direc-
tions, namely, both the extent and the role of part failures on mission
loss.

The following breakdown indicates the extent, by number of
anomalies and percentage, of mission loss caused by the 4z catastrophic

piece part failures:
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Mission Effect

1. Negligible

2. Non-Negligible but
Small

3. 1/3 to 2/3 Mission
Loss

4. 2/3 to Nearly Total
Mission Loss

5. Essentially Total
Mission Loss

U. Unknown

Number
19

17

2
3

S S T o O v v o s Wﬁgf‘l
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Percent

45.2

40‘5

2.4

4.8
7.1

From the above breakdown, it can be seen that at least 85 percent

of catastrophic piece part failures do not significantly impact the

mission. Some of this may be due to the provisfon of redundancy.

The second breakdown, provided below, indicates the role of part/

non-part related anomalies in significant mission losses. The breakdown

is tabulated for 1/3 or greater mission losses (mission effect categories

3, 4 and 5). In the update data, a total of 17 anomalies caused such

losses, and the number and percentage of their distribution is as follows:

Incident Type

C. Catastrophic Part
Failure

0. Other Part-Related
Failure

N. Non-Part Related
Fatlure

U. Unknown

Number

3

Percent

17.6

23.5

23.5
35.3
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- This breakdown indicates that of the missions incurring substan- ;;'
v | tial loss, catastrophic part failures were responsible 17.6 percent of %ﬁ

the time.

It is to be emphasized that the results of these two breakdowns
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are not contradictory, but rather when taken together provide a possibly
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useful insight into the relationship of part failures and mission loss.

That is, while catastrophic part failures, per se, usually cause only

rre: B v

minor loss, when a major loss does occur there is a signif cant probabi-

lity that it will be due to a catastrophic part failure.
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5. Remarks.
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Note that besides the categorizations prese.ited here and

o,

in previous sections, the reader can perform any of a large number of
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other classifications by using the raw data presented in Appendix A of

this report. Also, more specific or detailed information is available by

NP N

"querying” the data bank to obtain information from the EAR's on specific

il

topics of interest.
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The emphasis of this section, as well as the whole report, is to %}

-
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present the total fund of data regarding incidents of anomalous behavior

reported on spacecraft. A few interesting observations from the point of

view of the authors are listed below.
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1. The vast majority of reported incidents have little or

o3 ewm am &N .X o

no effect on the accomplishment of the spacecraft mission

s

(see subsectfon I1.C.5). In this update, 94.3 percent
of the anomalies had smal) or negligible effect on mission
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goals, and 89.5 percent of the anomalies in the pre-update
sample had small or negligible erfect.

Of the 347 incidents in this update for which it could be
determined whether the anomaly was part or non-part
caused, 110 (31.7 percent) were piece part-related, and

42 (12.1 percent) were catastrohpic piece part failures.
Of the 1,194 incidents in the combined sample for which
this determination could be made, 39.1 percent were piece
part-related, and 18.8 percent were catastrophic piece part
failures.

Eighty-seven percent of the pre-update catastroph.c part
failures have small or negligible mission effect compared
to 86 percent of the catastrophic part failures in this
update. #owover, 12 percent of the major mission losses
on this update were due to catastrophic part failures.

Of the 566 incidents in the combined sample where suffi-
cient information exists to distinguish between assignable
and nonassignable incident causes, over 73 percent fall
into the assignable category. These incidents generaily
could have been prevented prior to launch by some action,
well within the state-of-the-art (see Subsection 11.C.8).
The 73 percent figure is in clnse agreement with all
earlier data samples.

The tabulation below indicates the five spacecraft
functions with the highest anomaly rates in this update
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1 C %
o U
— and the pre-update sample. S
g,
] This Update Pre-Update i
Data point sensing and . Technological experiments 3?
) monitoring g') 7
Propulsion . Data Point sensing and 5
monitoring
Active attitude correction . Data storage
Data storage . Life support
Transmission . Active thermal control

> R B

. TS L g ST 4 2T flod
v ‘~:.;jv’,“~t;‘;u'w(.~.¢:,‘{ ;z-.?&fd%ﬁ“i SR IR

6. The five spacecraft functions with the lowest anomaly
rates in this update are: Basic structure, separation,
power distribution, decoding, and passive stabilization

(see Exhibit A). This 1ist is the same for the pre-

L R

update except that passive stabilization has replaced

ki
",‘-';.E U

propulsion. It is surprising to note that propulsion,

L33 Lioat g
et

which had one of the lowest rates of anomalies per

ST e
LT
PR S e

<

function in the pre-update sample, has one of the

4

A

highest rates of anomalies per function in the update

oy B i B oo SR ivor B s S w0 SR x5 B Ao

A

sample.

xR
AR
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7. The most common cause of spacecraft anomalies (when
assignable) is design (see Exhibits 6 and 7). This

agrees with the conclusion reached in all previous

studies.
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IT11. SPACECRAFT HARDWARE ELEMENT RELIABILITIES

This section discusses numerical reliability factors for three levels

of hardware elements; spacecraft subsystems, components, and piece-parts.

Two reliability factors of prime interest may be readily derived from avail-
able data. The first is the probability of hardware element failure during
launch (q) and the second is the on-orbit hardware element failure rate (r).
The derivation of these factors is first described, then the results are pre-

sented.

A. DERIVATION OF PARAMETER ESTIMATES

If it is assumed that each identically named hardware element has
an equal probability of failure during launch, irrespective of mission,

then q may be readily estimated as

2
q="= (1)
N
where ¢t = number of haraware eler .nt failures during launch
N = number of hardware elements in the sample.

[t has been shown repeatedly that, under very minimal constraints,

t
R(t) = exp [ { A dt] (2)

where ) = hardware element failure rate

t = survival time
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In this formulation 2 may be any integrable function of time. The pre-
ponderance of reliability literature and practice assumes, however, that
A is constant, at least for most electronic hardware elements found in

spacecraft. In this case Equation (2) assumes the more familiar form
R(t) = exp( -it) (3)

In situations where Equation (3) applies, it is also well known that

the best estimate of A for a particular hardware element type is given

by {
)‘='n (4)
2
i =
where n = number of equivalent hardware elements under observation

t‘- survival time of the ith such element

and

f = total number of failures observed.

1he formulation for determining confidence intervals for q and
A are again well known and are given below for 90-percent intervals:

q,sqsaq,
(5)

where q 1{s such that
|

N-i

(’f) ql (1 - gt = 0.05

~ M2
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and q 1s such that
2

t
S (’l“) i:(\ . q:)N'i - 0.05
i o

where

and
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(6)

If ¢ or f are zero, the above formulations give one-sided 95-percent

confidence limits of the form

(7

Thus, the primary burden of this section is to derive estimates and

confidence intervals for the two parameters q and A,

accomplished by first discussing the input data, its derivation and
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L N A

i

limitations. Then each of the three tiers of hardware level is treated

Camged, @ Fegal 8- e
P TE V

L

separately by deriving the pertinent estimates and evaluating the results.

=

vt
)

B. INPUT_DATA

o e

The basic compiiation of data for each spacecraft in this study was

performed precisely as for the previous three studies of on-orbit reliabil-

==

ity data from spacecraft. lhe procedure results in the generation of a
working document called an Engineering Analysis Report (tAR). The details

of the compilation process will not be repeated here.]

A brief synopsis of
the procedure. however, will clarify the origin of the basic data used in
this section to derive estimates for the various parameters.

Essentially, a key step in the compiling an EAR is to determine and
list components for a particular spacecraft that are of a sufficiently high
level so that their operating history may be readily determined and yet are

of a sufficiently low level so that it is reasonable to assume that their

b

7z

normal operation would be precluded by the occurrence of a piece-part failure.

-
[ el
'\

The spacecraft subsystems to which these components are assigned are also

L

g yged
5 g ©

listed as are the piece parts within each identified component. From this

g

data,. subsystem, component, andApiece part operating histories are determined
and pertinent time factors are computed.
Component and piece-part failures are determined directly from the

‘ EARs. These failures are also a subset of entries contained in Appendix A

and can also be determined directly therefrom. Subsystem failures are de-

termined directly from the the entries of Appendix A, that is, those anomalies

L . o ..

‘For detailed description of the EAR, the reader is referred to Appendix B.
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coded as being relevant to a particular subsystem and causing severe de-

. @,

gradation to the mission (Misssion Effect severity levels 4 or 5) are con- %% g&
sidered as being subsystem failures. ﬁ ;g :
In the determination of piece-part failures for estimating A (Equa- ;gﬁ ;g
tion (3)), a failure is attributed to a piece part if, and only if, it is .§;'§§
known to have failed in a catastrophic manner for no evident cause. This A %é '5%
definition is consistent with the definition of A as it is utilized in Equa- ; §§ gf
tion (2). A1l such piece-part failures are coded with a C in Column VIB j4? 'h
and an N in Column VII of the classification codes of Appendix A. In this i gg

update 19 such coded anomalies have been added to the data base.

e
R r
fa s

S RA

e
A

y
TG
el
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by treating the entire component as if it were a big piece part.

i
Y - A L WS ey
£ i B GRS e

Parameter estimates are calculated for three data sets: (1) the pre- ;gi
update sample. (2) the cata obtained in this sample, and (3) the combined iji;,
sample. Exhibits 8, 9, and 10 tabulate the subsystems, components, and Liéz‘
parts considered in this section of the study together with their total pop- ;égi
ulation, the number failing during launch, their cumulative survival hours 37

e\
o

i,

and the number failing during orbital operation.

oy BRI

Two points should be noted with respect to the survival hours shown

in these exhibits. First, these are the cumulative survival hours containe..
in the data bank for each of the various hardware elements, and are not to
be confused with failure rates. Second, the survival hours vary among ele-
ments from quite high to relatively low. This occurs for several reascns.
In some cases 1t i¢ due to the populations of the elements under considera-
tion being quite large or relatively srall. In other cases, the elements

' Failures are attributed to a component in the same manner, essentially

that were used to a greater extent on short term missions did not accumu-

e
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late as many survival hours as elements used extensively on long term missions.

i

Also, elements experiencing a large number of failures would obviously accu-

o Ao o b et A
PRI PR

o | mulate fewer survival hours than elements with a history of continued, satis- H |
factory operation. !z
Exhibit 8 presents the basic data tabulation of the pre-update sample. ’ '
Exhibit 9 presents a similar tabulation for the sample of this study. Ex- gz j
hibit 10 contains the tabulation for the combined sample. ;
The spacecraft samples of the previous reliability reports and this g ;;,
report are not independent. Five spacecraft in this sample also appeared g é ‘g:
in the earlier studies. These spacecraft were launched prior to 1975 %';*
and have continued to operate into the time period of this study. It 2‘“
is for this reason that the data for these five spacedraft have been up- 'é g
dated and included in this study. Thus, corresponding entries in Exhibits 2 L
8 and 9 do not necessarily add to give the corresponding entry in Exhibit ; f‘f
10. Though the samples are nct entirely independent, the method of present- : "f,
ing the data allows examination of the basic data elements by three g ?: :
time periods: spacecraft launched in the interval 1958 to 1970 (12 years), , :‘;g; ;
those launched in the interval 1970 to mid-1977 (7% years) and the total B { %
sample, covering nearly 20 years. ﬁ ¥
The main rule in constructing Exhibits 8, 9, and 10 was to enter only { ;
known values. For example, as Exhibit 10 indicates there are 354 re- q
ceivers in the com'.ined sample for which operational histories are com- :
plete; cumulatively these components survived at least 5.8 million hours ’%_
R and exhibited at least two launch failures and five orbital failures. B ]

It is known that the figures are higher than those presented, but it is |
not known by how much.

This results from incompleteness of the historical

L




data for some of the spacecraft in the data sample'l and does lead to dif-
ficulty in interpreting the resultant estimates of q and x . Further
discussion of the interpretation difficulty is discussed in later subsec-
tions where each hardware tier is treated in detail.

Exhibits 8, 9, and 10, then, present the basic data and form the
basis of the analyses performed in the subsequent subsections. Interpre-
tation and conclusions are, of course, influenced by the total knowledge

acquired in the course of the study.

C. SUBSYSTEM ANALYSIS

For this study, the eight spacecraft subsystems are defined
exactly as they were in all earlier studies. In point of fact, each pre-
gram and often different vehicles in the same program use a different in-
ternal subsystem description. Tne expedient of relating subfunctions
of each spacecraft to a set of previously defined sub bsystems in a mu-
tually exclusive and exhaustive manner not only provides for e¢ase in
data compilation across variously-named subsystems but also accomplishes

two other important goals. First, it allows the anomalous incidents to

be assigned to one and only one functional location within the spacecraft.

Second, it avoids listing recognizable subsystems, i.e., those traceable
to a specific program. It is quite clear that this procedure introduces
a substantial degree of heterogeneity into the eight subsystem categories

thus defined. Nevertheless, for large system planning considerations,

]As previously noted, the completeness of historical data for the sample
of this study was superior to that of earlier studies.
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some indication of gross, average launch failure probabilities (q) and
on-orbit failure rates for spacecraft subsystems (i) might be useful.

Exhibit 11 presents the best estimates and confidence limits for

q and A for the earlier studies. Exhibit 12 presents the same infor-

e EEE  ESE

mation for the spacecraft of this study; Exhibit 13, for the combined

ey

data sample.

It should be borne in mind when using or studying the three ex-
hibits for estimates of the subsystem parameters that a subsystem failure
is defined as some anomalous incident associated with the subsystem, the

result of which is to reduce mission effectiveness by at least 2/3 of its

potential effectiveness. The parameters as given are feit to be reason-

ably indicative of failure propensities of spacecraft subsystems.

s

D. COMPONENT ANALYSIS

=
R

The components listed in Exhibits 8, 9, and 10 display a wide

PR W -« - - 3 - P T - T, T ‘ o e
= ko PR © 23 - ot " - - i B % 5 e T a2 3
SRR - ” AT fpn . X N e B PV g Sy 5 A A
2 5 ? o oy T AR e, A AR TAEAE AR, P 0 . X By o B SR L e R
e 32‘4‘?“’«;"‘“}, pe oY g i ¥ M WA Yo SR LN R P d i Bl 5T
At Y A I EEerry’ & Y6 By S WYY Jo J 4 \
. prn e e P . -

W,
Rl SIS Rt

variation in both number of items in each sample and in number of sur-
vival hours. This situation reflects both variation in absolute component
population as discussed earlier, and in the input data. Some of the
entries may appear to be insignificant. The intent in providing the

entries is to add to other data that may be available to the reader

&
1 AT AR R SENEIN AR Y Pl
i S "
408
&

rather than to provide meaningful estimates of reliability parameters.
As indicated previously, only known values are included.
% The best estimates and the 90-percent confidence intervals for q
| (the probability of failure during launch) for components having one or
more failures during the launch phase are given in Exhibits 14 and 15.

Since none of the components in this update experienced a launch failure
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EXHIBIT 11 - SPACECRAFT SUBSYSTEM RELIABILITY PARAMETER ESTIMATES AND

90-PERCENT CONFIDENCE INTERVALS BASED ON PRE-UPDATE SAMPLE ‘;:7

H e
Probability of Failure  On-Orbit Failure Rate RS
. During Launch (Failures/Million Hours) A
% A . =Y
Spacecraft Subsystems _ 41 q 92 M A *2 o i
Timing, Control, and AW,
Command 0.0060 0.018 0.040 0.75 2.2 5.0 i
Telemetry and Data i“?

E Handling 0 - 2.0094 0.19 1. 3.3 A &
Power 0.0056 0.016 0.038 4.2 7.0 11 ? <
Attitude Control and %’ 4,
Stabilization 0.0067 0.020 0.045 3.6 6.9 12 3 {“ 3;
i Propulsion 0.0074 0.027  0.070 ] ¢ F’
4 1 g
' Environmental Control 0 - 0.074 0 - 4.6 2 :{; ,g{'
i

Structure 0.0058 0.016 0.037 0 - 1. s e AT

755; 3

Paylecad 0.0042 0.012 0.028 0.028 0.54 2.6 ‘t; A
Note : Upper and lower 90% confidence bounds are indicated as q, and : "'%
q2 for the probability of failure during launch, and by A and &

A5 for the on-orbit failure rates. %
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EXHIBIT 12 - SPACECRAFT SUBSYSTEM RELIABILITY PARAMETER ESTIMATES AND
g 90-PERCENT CONFIDENCE INTERVALS FOR THIS SAMPLE

e

Probability of Failure On-Orbit Failure Rate
! During Launch (Failures/Million Hours) !

-~ -~

Spacecraft Subsystems 9 T % M A A2

o=

Timing, Control and Command 0.062 2.4

>

Telemetry and Data Handling 0 - 0.052 0.059 1.1 5.4

Power 0 = 0.07M 0.46 8.9 a2.0

Attitude Control and
Stabilization 0 - 0.047 0 - 2.2

1
o
]
o
1
[smee]
S T STERTETES ¢ T i N T S A e R R R e g

o,

>~ £ v R 1 o~ = o

Propulsion 0 - 0.14 0 - 8.2

,
-
s

s r¥Y

Environmental Control 0 - 0.13 0 - 7.0

Structure 0 - 0,086 0 - 3.7

S &=

Payload 0 - 0.043 0.025 C.49 2.3

s B G2
i lf“':“'é ¢ M‘ v g;«-g >

1‘ % “T‘w -

E N
N

By P R et i SR e B
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EXHIBIT 13 - SPACECRAFT SUBSYSTEM RELIABILITY PARAMETER ESTIMATES AND
90-PERCENT CONFIDENCE INTERVALS FOR COMBINED SAMPLE

Spacecraft
Subsystems

Timing, Control
and Command

Telemetry and Data
Handling

Power

Attitude Control
and Stabilization

Propulsion

Environmental
Control

Structure

Payload

Probability of Failure
During Launch

a a %
0.005 0.015 0.034
0 - 0.010

0.0048 0.014 0.033

0.0051 0.015 0.035

0.0061 0.023 0.058

0 - 0.057

0.0049 0.014 0.033

0.0037 0.0n 0.025

In-Orbit Failure Rate
(Failures/Million Hours)

M A A2
0.47 1.4 3.1
0.31 1.1 2.9
4.5 7.4 12.0
1.8 3.5 6.0
0 - 8.2
0 . 3.0
0 . 1.1
0.1 0.61 1.9
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EXHIBIT 14 - PROBABILITY OF FAILURE DURING LAUNCH AND 90-PERCENT
CONFIDENCE INTERVALS FOR SELECTED SPACECRAFT COMPONENTS
BASED ON PRE-UPDATE SAMPLE

L '.‘;_ 2 l:
5‘3 caded g o
;
SRR N

%
'\?ﬁ =
9z
b IS
Probability of Failure During Launch : i
. S s
Component 9 q 9% H Ty

DC/DC Converters 0.00027 0.0052 0.024

DRI
i el G Y S/ B 2 0 oy

Heaters 0.0001¢ ¢.0029 0.0 : 3
} §

Horizon Sensors 0.00043 0.0083 0.039 g 3
Programmers 0.00089 0.017 0.082 E e
£ 1€'§"£ é;

Receivers 0.0013 0.0071 0.022 (21
i

Sequencers 0.0029 C.016 0.051 B LR
Sun Sensors 0.00053 0.010 0.049 B
L g

kH

Timers and Clocks 0.00024 0.0046 0.022 .; o
) 'u*:"i. s’{

i B

Voltage Controlied 0.00077 0.015 0.0M R éf
Oscillators -
%; -

4

7t
o
i,

U N
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EXHIBIT 15 - PROBABILITY OF FATLURE DURING LAUNCH AND 90-PERCENT CONFIDENCE
INTERVALS FOR SELECTED SPACECRAFT COMPONENTS FOR THE COMBINED

SAMPLE

Component

DC/DC Converters
Heaters

Horizon Sensors
Programmers
Receivers
Sequencers

Sun Sensors

Timers and Clocks

Voltaage Controlled
Oscillators

PRC R-1863

Probability of Failure During Launch

h Y
0.00018
0.00013
0.00032
0.00066
0.00010
0.0027
0.00033

0.00020

0.00070

@
0.0034

0.0026

0.0062

0.013

0.0056

0.015

0.0064

0.0039

0.014

Q2

—

0.016

0.012

0.029

0.060

0.018

0.048

0.030

0.018

0.064
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(see Exhibit 9), no estimates of q are provided.

Exhibits 16, 17, and 18 present tne estimates of 2 for the
selected components of the three data samples.

Generally, there are not enough known failures to reach a reason-
able degree of statistical stability. Note that in the combined sample
only one component has three launch failures, two have two launch fail-
ures, and the rest have either zero or one. The width of the confidence
intervals shown in Exhibit 15 are indicative of the meager failure data.
The on-orbit failure rates, as shown in Exhibit 18, are slightly more
stable. Ten components in the combined sample have five or more fail-

ures.

E. PIECE-PART ANALYSIS

As with the component analysis, stress was placed on using only
data for piece parts that are known or can be reasonably assumed. Many
more assumptions are required at the piece-part level with regard to op-
erating hours since telemetry data simply is insufficient to describe the
operational history of many specific piece parts in a given spacecraft.
It will be recalled that an operating assumption of this study is that as
long as a component is compietely operable, so is every piece part within
the component. When a component exhibits anomalous behavior, the piece
parts are removed from the sample if there is any suspicion that the
anomaly was caused by a piece part. The result is that the hours listed
in Exhibits 8, 9, and 10, represent minimum part-hours within the limits

of the input data.
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SXHIBIT 16 - ON-ORBIT FAILURE RATE ESTIMATES AND 90-PERCENT CONFIDENCE fk
INTERVALS FOR SELECTED SPACECRAFT COMPONENTS BASED ON PRE- Eo
' UPDATE SAMPLE ! b
»
! S
1 M e 3 |
l Batteries 1.0 2.2 4.2
Decoders 0.024 0.39 1.9 .
I Command Distribution Units 0.50 2.8 8.9 f
Comp ters 1.1 21 98 .
' DC/DC Converters 0.57 2.1 5.3
' Heaters 0.019 0.36 1.7 ' +
Horizon Sensors 6.1 18 a Sy
I Magnetic Tape Units 27 35 45 g i
Motors 0.28 1.0 2.6 P
| Oscillators 0.021 0.42 2.0 ] \
B Recetvers 0.12 0.68 2.1 RN
Regulators, Pressure 0.14 2.7 12
E Regulators, Voltage 0.26 0.77 1.8
. Telemetry Encoders 4.2 8.5 15
Timers and Clocks 2.6 4.7 8.0 2
Transmitters 1.8 3.0 4.8 1
Transponders 1.1 6.3 20 . \é
Vidicon Cameras 'g
b
;
;‘
|




T TR e e ‘“f‘i”"‘;

e
PRC R-1863 EI
76 |

CXHIBIT 17 - ON-ORBIT FAILURE RATE ESTIMATES AND 90-PERCENT CONFIDENCE
INTERVALS FOR SELECTED SPACECRAFT COMPONENTS BASED ON THIS

P v

SAMPLE Y

K

T 4 :%
- v

] On-Orbit Failure Rate (Failures/Million Hours) j 1
Component N :x_ o ,: \

Accelerometers 0.10 2.0 9.5 ” by

Amplifiers, (1) 0.033 0.64 3.0 S

a i k4
Battery Charge/Discharae 0,020 0.77 1.8 h P

. Control Circuits .
| g

; Batiery Pa ‘s 0.015 0.29 1.4 B, L3
’a Control Gas Assemblies 0.55 3.1 9.7 a}] B
Data Handling Units 0.067 1.3 6.2 E

- Gyros 0.076 1.5 7.0 gz 4
3 ¥

! Magnetic Se. .ing Devices  0.097 1.9 9.0 E
4 Ma‘ etic Tape Units 4.9 9.0 16.0 N
: Hagnetometers 0.067 7 11.0 m \“
Radiometers 6.2 11.0 19.0 4

"g Receivers 0.025 0.92 2.4 @ ffe
Regulators, Voltage 0.021 0.41 2.0 1

% :
Signal Conditioners 0.19 3.7 18.0 @ 3

) .

- Sun Sensors 0.33 1.9 4.4 -
) [
Star Trackers 1.5 8.2 19.0

&

Transmitters, S-Band 0.65 3.7 12.0 -

b

Transmitters, other (2) 0.13 0.92 2.9

(1) These amplifiers do not include power amplifiers. g ’

(2) These transmitters are other than: beacon transmitters, Doppler trans- Hf—

mitters, FM transmitters, S-Band transmitters, special purpose transmitters, g &

tracking transmitters, wideband transmitters, or video transmitters.
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: EXHIBIT 18 - ON-ORBIT FATLURE RATE ESTIMATES AND 90-PERCENT CONFIDENCE 2
; . INTERVALS FOR SELECTED SPACECRAFT COMPONENTS BASED ON COMBINED e
5 SAMPLE s
I On-Orbit Failure Rate (Failures/Million Hours) f
e
[ :
Accelerometers 0.08 1.6 1.7 ?:E
l Amplifiers, (1) 0.0063 0.12 0.58 }
Battery Charge/Discharge
| Control Circuits 0.012 0.23 1.1 £
Battery Packs 0.62 1.3 2.3 ‘f
F ¥
I Command Decoders 0.014 0.26 1.25 e
Command Distribution ‘j
l Units 0.31 1.8 5.6 o
Computers 0.012 2.3 1.0
. Control Gas Assemblies 0.65 3.1 9.7 "i
g
I Data Handling Units 0.030 0.5$ 2.8 §<
DC/DC Converters 0.022 0.84 2.2 e
_ l Gvros 0.29 1.7 5.2 *&
Heaters 0.012 0.23 1.1 fzﬂ;
B
a l Magnetic Sensing Jevices 0.097 1.9 9.0 {,
Magn...ic Tape Units 14.0 24.0 37.0 hq‘
= | %
Magnetometers 0.29 2.6 5.2 ::
- l Momentum wheel/Reaction fﬁ
Wheel Assemblies 2.1 5.3 n.o ‘?’
=,
l Pscillators 0.019 0.36 1.7 ‘@
Radiometers 6.1 11.0 18.0
l Receivers 0.34 0.86 1.8
Regulators, pressure 0.021 0.40 1.9 E
I Requlators, voltage 0.30 0.75% 1.6
I Signal Co.ditioners 0.063 1.2 5.8 -

;:@w,' py gy “ k TR At L o )
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EXHIBIT 18 - (Continued)

Cn-Orbit Failure Rate (Failures,/Million Hours)

A
Sun Sensors 0.33
Star Tracker 33.0
Telemetry Encoders 1.6
Timers and Clocks 1.4

Transmitters, S-Band 1.2

Transmitters, Special
Purpose 0.14

Transmitters, Wideband 1.4
{ransmitters, Video 2.5
Transmitters, other (2) 1.4
Transponders 0.45

Vidicon Cameras 2.2

(1) These amplifiers dc not includc power amplifiers.

(2) These transmitters are other than: beacon transmitters, Doppler

2.8
5.0
9.2
2.3
2.5
5.1

Y2

3.2
90.0
5.8
4.3
11.0

13.0
14.0
24.0
3.9
8.0
10.0

transmitters, FM transmitters, S-Band transmitters, special

purpose transmitters, tracking transmitters, wideband transmitters,

or video transmitters.
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The column indicating number of failures also represents the
minimum number of part failures. A failure is entered in Exhibits 8, 9,
and 10 only if the part has failed catastrophically for no evident cause.
The number of part failures is lower than the true value for at least the
following reasons: (1) some part failures are never detected due to
minimal effect, low-level redundancy, etc., (2) some detected part fail-
ures are not reported, an inevitable situation where no formal procedure
exists for such reporting, (3) some anomalies strongly suspected as orig-
inating from a part failure simply cannot be isolated to the particular
part, and (4) many anomalous behaviors are noted for which it is simply
unknown whether or not a piece-part failure is involved.

This all the reliability statistics derived in this subsection
are felt to be somewhat low compared to the true piece-part failure rates
in space. To overcome this bias, however, it is judged that an order-
of-magnitude increase in all the failure rates and failure probabilities
in this subsection would be more than sufficient.

Exhibits 19, 20, and 21 present the on-orbit failure rates for
piece parts exhibiting one or more failures. No table for probability
of failure during launch was generated. Only five piece parts incurred
failures in this phase, one for each part. These part types and their

corresponding estimates of q are:

Piece Part q
Capacitor 3.7 x 10fg
Relays 8.0 x 10 3
Switches 5.8 x 10:3
Transducers 1.9 x 10
Transistors 4.9 x 10-6
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EXHIBIT 19 - ON-ORBIT FAILURE RATE ESTIMATES AND 90-PcRCENT CONFIDENCE
INTERVALS FOR SELECTED PIECE-PARTS BASED ON PRE-UPDATE

SAMPLE

Battery Cells
Capacitors
Diodes

Fuses
Integrated "ircuits
Relays
Resistors
Soleroids
Switches
Thermistors
Transistors

Traveling Wave Tubes

Tubes, Special Purpose

Geiger Mueller Tubes

Photomultiplier Tubes

On-0Orbit Failure Rate

(Failures/Million Hours)

M
0.00087
0.00051
0.00035
0.064
0.0022
C.00044
0.0000090
0.028
0.15
0.12
0.00020
0.091
0.31
5.4
0.24

~

A

0.017
0.00094
0.0010
0.23
0.0065
0.0085
0.00018
0.55
0.43
0.27
0.0011
1.8
6.0

16
4.7

‘ _ .. WP ey e
‘ " \

"

)

0.080
0.0016
0.0024
0.61
0.015
0.040
0.00083
2.6
0.99
0.54
0.0035
8.4

29

36

22

B
Y
i
i

i
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i
i
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EXHIBIT 20 - ON-ORBIT FAILURE RATE ESTIMATES AND 90-PERCENT CONFIDENCE M ou

I INTERVALS FOR SELECTED PIECE-PARTS BASED ON THIS SAMPLE PR
44 =

1

i &

Ii &
£

i |

Battery Cells 0.013 0.075 0.23

ﬁ

Capacitors 0.00019 0.0011 0.0033

Diodes 0.00012 0.00067 0.0021

o+

&&a{‘:.. s .~-» ‘
o, ooy e L %

Fuses 0.0080 0.045 0.14

<A,

Integrated Circuits 0.000034 0.00066 0.3042

I g S AT

e

Switches 0.020 0.40 1.9

2

” -
4 ¥ :ﬁ

1Y e

Transistors 0.00029 0.0016 0.0051

RS E A

e

WL
K

Tubes, General Purpose 0.27 1.0 2.6
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EXHIBIT 21 - ON-ORBIT FAILURE RATE ESTIMATES AND 90-PERCENT CONFIDENCE
INTERVALS FOR SELECTED PIECE-PARTS BASED ON COMBINED
SAMPLE

PR AL LN

=
‘né,wm‘m -

B, VR AT A

= On-0Orbit Failure Rate (Failures/Million Hours)

-

Piece Parts M A A2

,.
&

Battery Cells 0.010 0.037 0.097

st - 74 M

BT

Capacitors 0.00057 0.0010 0.0016

s D BT =
i

Diodes 0.00042 0.00097 0.0019

et

T ™ v S
e SRR O TYE N Shoi it B, Al

Fuses 0.036 0.090 0.19
Integrated Circuits 0.00099 0.0025 0.0053 g
Relays v.00031 0.0061 0.029 B ‘
Switches 0.18 0.47 0.98 Ei %f
Thermistors 0.053 0.12 0.24 Eg
f
) fransistors 0.00050 0.0015 0.0033 £
lubes, General Purpose 0.15 0.55 1.4 gé
&
Tubes, Special Purpose 0.23 4.39 21.0 i
Geiger Mueller Tubes 5.4 16.0 37.0 ﬁ ®
Photomultiplier Tubes v.24 4.6 22.0 ”

o= 2=

u“a‘f,gigii",f ﬁ@?’ﬁﬁ% §v! zﬂ*agﬂl!p%?iﬁg§§*
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F. MISCELLANEQUS STUDY FINDINGS

z
i
This section discusses six observations of interest that do not ’

fit in the formalized analyses of the previous subsections. Other study

findings of this nature but involving more detail are presented in the

six Experience Bulletins, as described in Section IV.

N R TR BRI

It should be noted that these observations are typical of the

£ 3
¥

Depending on the depth of detail desired, the analyses can be based on

the raw data presented in Appendix A, or on data from th~ EAR's. The oh-

servations discussed below should be of general interest. Other ubserv-

‘f%ﬁ:sﬁgqﬁfﬁ‘ﬁ@#fﬁﬁ?{' 3>
h- IRt 4

[AS¥ed NS
W Pl

ations or findings can, of course, be otained in response to specific
queries or needs.

i

(M Redundancy: As found in the three previous dat? bank

AL T

i

i

i

i

i

i

Ig types of specific findings that can be obtained from data bank analyses.

f

)

i

!i studies, redundancy played an important role in reducing
the effects of an anomaly. There are 45 instances in this

" update where “block" redundancy prevented a more serious

effect. There are also 68 more instances where the ser-

| iousness of the anomaly was alleviated by "backup" other

than block redundancy. Such backup, which was most often

possible on the more complex spacecraft, consisted of

either an alternate means of accomplishing the same func-

control.

' tion or "work around" procedures developed for ground
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(2)

(3)

(4)

(5)

(6)

Self-Healing: The apparent self-healing capability

which has been noted in previous data bank studies was
again observed. In the update sample, there were 34
instances of anomalous behavior that cleared up without
ainy iype of inte.vention.

Aging/Wearout: As indicated in previous data bank reports,
aging/wearout does not appear to be a problem. Six in-
stances are reported in this update, with two of them
involving radiometers and one each a battery, a star
tracker, a tube filament, and a plasma experiment package.
Ground/Operator Errors: Anomalies in this category have
not been observed to any significant degree in the past
data bank studies. Due in part to the more complex space-
craft included in this update, 30 instances are reported
involving ground/operator error, and another five are
reported involving ground software.

Intermittent/Degraded Operation Prior to Failure: There
have been anomalies involving intermittent or degraded
operation prior to "failing solid" in all previous dzta
bank samples, but they were not previously tabulated.

In the update sample, 17 such instances are reported.
Test-Related Anomalies: In the update sample, there are
30 anomalies that are known to be related in some fashion
to the testing program. There are undoubtediy other anom-
alies of this type in the update data, but specific infor.

mation is given only for tne 30.
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Pl

3 anomalies existed prior to launch but were undetected

11 anomalies were known to exist prior to launch
6 anomalies were attributed to inadequate testing or test

8 anomalies had also been seen in test
2 anomalies were attributed to damage caused by testing

procedures

2 e TR A
These 30 anomalies can be classified as follows:
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IV. SPECIAL STUDIES

In each of the four data collection efforts, with the exception

B (I S S e e .

of the third, a special study or two was requested by the contracting

agency. In this update six experience bull -.ins were requested to en-

courage higher reijability, more consistent performance, reduction in
human errors, and reduced cost in NASA projects. Special studies re-

garding dormancy and the relationship of program success to quality as-

L.

surance factors were also requested. The latter element was treated in

AN

the first collection as well. The second data collection effort briefiy

L e

treated dormancy and on/off cycling. The results of these studies are

presented in this section. Subsection A deals with the question of dor-

mancy, and presents data at the spacecraft, component, and piece-part

P )

level. Subsection B presents previousiy derived results relating to on/

of f cycling.] Subsection C treats the relationship of reliability and

2ty X

quality assurance to spacecraft mission success. Subsection D briefly

summarizes the most cogent findings of the six experience bulletins. g

Cadt $48. 9

A1l of these special studies depend on the preceding sections

of this report, the basic engineering analysis reports (EARs) for the

T L

various programs, and, to 2 lesser extent, the basic documentation as-

s sembled for this study. These special studies are indicative, there- ‘%
fore, of the information which inheres in the entire space data bank both ;%

&

]As indicated in the introduction to this report, there have been several .

independent analyses uf the data bank and these are reported separately ii

(References 4, 5, 6, 10, 11, 13, and 14); only those analyses performed
in conjunction with a collection effort are included in this sectivi. 4 L

-
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with respect to its positive attributes and its limitations. By the very
nature of the study, there tends to be some information 2pplicable to
nearly any relevant question or problem area, but for only a very few
questions may large quantities of data be anticipated. Not unexpectedly,
the more specific and narrowly focused the question or subject area, the

scarcer the directly applicable data become.

A. DORMANCY

Reliability data on dormancy and standby operation of spacecraft
components has been collected and analyzed in all four collection efforts
associated with the space data bank. Unty: this update, however, no com-
pilation of dormancy information at the large equipment group or space-
craft level was possible. As described in the following subsection that
situation has changed and profiles of several spacecraft are available
which include long periods of dormancy. The traditionai component and

piece-part dormancy analysis is provided in Subsection IV.A.2 below.
1

1. Spacecraft
Significant periods of dormancy were ... .~ ated bs nine

spacecraft in this update. The spacecraft are: SERV i, 350-5, fc0S-2,
Mariner 10, SAS-B, LANDSAT 1, SMS-1 and 2, and GOES-1. The 4> runcy as-
sociated with these spacecraft involved the entire space(r.:t i.. 4 cases

and dormancy of major equipment groups in five cases. Excepi for short

periods of operation and checkout twice a year, SERT-1I has been essentially
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dormant for over six years. GE0S-2 was reactivated and checked out after

a non-operational period of almost two-and-one-half years. 0S0-5 and SA5-B
were reactivatedand checked out arter about one-ana-cne-half years of
dormancy.

It is of interest that the dormancy information available in the
update data revealed no reliability problems that could be attributed to
dormancy. Only one anomaly was reported to have occurred during a dor-
mant period; the failure of a battery on SERT-1I1. Since this battery
had operated beyond its expected life at tiiai point, there appears to be

no reiationship between this failure and the effects of dormancy.

a. ST I

SERT II was launched in Februarv 1970 and carried
two fon thrusters as its major payload. Thrustar i failed after five-
and-one-ha1f months in orbit, and Thruster 2 after three months. In beth
cases, thruster operation was temminated due to a high-voltage short across

the thruster grids. Since thruster restart was still pessidble, a series

of turn-on tests were conducted in 1971 in an attempt to clear these shorts.

These tests were unsuccessful and the spacecraft was placed in a storage
mode.

By 1973, proposed electric propuision missicns included a need to
restart thrusters many times. Therertore, the stored SERT-I[ spacecraft
was re-activated (even though weil beyond its one year design life) tn
demonstrate multiple restart capability and to conduct various other

evaluations of thruster components.
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During this 1973 reactivation, each thruster was successfully re-

started 112 times. In addition, the basic subsystems provided the roquired

support. The 1973 test program was terminated due to other priorities
for the ground-support equipment.

By 1973, SERT-II's orbit had precessed such that the sun angle
was obliyue and inadequate spa--.raft power was predicted for 1974,
Therefore, at the end of the 1973 test program, maneuvers were executed
to obtain a new spacecraft orientation for testing in the 1974 to 1976
period.

In August 1974, SERT-11 was again reactivatea. During these 1974

tests, the high-voltage short on Thruster 2 was cleared, returning it to

normal operation. Multiple restart tests of both thrusters were also con-

ducted, as well as tests of spacecraft electrical potential control via

the neutralizer cathode. The spacecraft was shut down September 29, 1974.

During 1975, the spacecraft was turned on and the basic subsys-
tems checked out in the spring and again during November and December,
when the thrusters were also tested. Beginning in 1674, this has become
the established pattern. That is, the spacecraft is checked out and
the thrusters fired during the fall/winter period when array power is
adequate for thruster firing. About midway between the annual thruster

iring the spacecraft is activated and the basic subsystems checked out.
A key activity occurring duiring the spring operation is the respinning
of the spacecraft with the gas attitude adjustment system. IL was ais-
covered that SERT-II despins due to some unexplained phenomenom and must

be respun every six months or so to maintain its spin-stabilization.
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This data base update includes data through the reactivation in
August of 1976. At that time, all major subsystems remained functional.

It is also known that SERT-II was reactivated in 1978 and that all major
subsystems remairad functional.

only one anomaly--failure of a battery--is reported to have occurred
during any SERT-II dormancy period. This battery was a 40 ampere-hour
silver oxide-zinc battery of the type that had been used on the Mariner
program. The battery was reported to be capable of at least five disaharge
cycles.

The battery was found to be dead (failed) at the end of the first
dormant period. The battery charger was turned off at this point.

The battery is reported to have operated beyond its expected life
prior to the first spacecraft shut down. Therefore, it seems doubtful that
dormancy conditions are in any way related to the battery failure.

The other anomalies on SERT-II occurred during operational periods.
They are all of the type routinely observed in data bank evaluations of
operational spacecraft, and again seem completely unrelated to dormancy.

The SERT-II gas attitude adjustment system seems of special interest
in dormancy considerations. It was intended, and indeed originally
called, the backup reacquisition control system (BACS). It is quite sim-
ilar to the systems used in Surveyor. It has been used three times for
reorientation maneuvers with the last of these maneuvers being in August
of 1976. Except for these brief periods of operation (i.e., a few
moments each) this system has been in a dormant state since the spacecraft

was launched. There are no reported anomalies chargeable to this system.
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b. 0S0-5
The fifth Orbiting Solar Observatory (0S0-5) was

turned off December 31, 1972 so that its transmissions would not inter-
fere with the newer 0S0-7. 0S0-5 was react*vated early in July 1974 when
0S0-7 reentered the earth's atmosphere. Thus, 0S0-5 was dormant for about
a year-and-a-half (546 days). While anomaly data are not available in the
data bank for this dormant period, it is known that the basic subsystems
remained capable of supporting the mission.

The following experiments were operable July 25, 1974:

o Solar X-Ray Spectroheliograph

0 lodiacal Light Monitor

0 Solar Lyman Alpha Telescope
c. GEQS-2

When the GEOS-3 spacecraft became operational in
April 1975, the GE0S-2 experiments were no longer needed and they were
all turned off. The laser tracking reflector experiment, a passive device,
continued to be used by ground stations. The basic spacecraft continued
to be monitored and .a ‘elemetry readout was taken about twice a week.

In the fall of 1977 it was proposed that this minimal monitoring

be stopped and the spacecraft "turned off" completely, About this same

time it was reported that the laser tracking had become unusable and there-

fore the decision was made to deactivate GEOS-2. It was also decided to
activate and check tne status of as many experiments as possible prior to

the spacecraft shut down. Unfortunately, the necessary ground equipment
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associated with several experiments had oeen scrapped and only the Doppler
Beicons and the C-band transponders could be activated. Both experiments
were found to be in good condition and operz-le. At that time, these

experiments had been dormant for 28 months.

d. Mariner 10
The Mariner 10 ultraviolet spectrometer and in-
frared radiometer experiments, as well as the TV subsystem, were turned
off (dormant) for major periods of time during the mission. In addition,
one redundant radio frequency subsystem exciter and one redundant portion
of the modulation/demodulation subsystem were turned off at any given
time during the mission. There were no part failures experienced in

those equipments during the time they were turned on or off.

e. SAS‘B

The SAS-B gamma-ray telescope experiment failed
early in the mission, Since this was the only experiment carried by
SAS-B, the spacecraft was deactivated and then used as a training aid
as the need arose. It was reactivated from Africa about two-and-one-
halt years post-launch and all basic systems were normal. It had been

dormant (turned oft) for about I8 months at that time.

f. LANDSAT-1
Redundant units in two equipment groups were
switched into service after long periods of dormancy on LANDSAT-1. A

redundant S-band receiver/transmitter was turned on after just short of
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two years of dormancy. Also, a redundant Rate Measuring Package was’
switched into service after approximately 26 months of dormancy. The
data bank contains no reported anomalies on these previously dormant

equipment groups.

\ 9. SMS/GOES

the SMS/GDES program consists of long-life, geo-

stationary weather satellites, All subsystems were designed for a satel-

Ihte life time ot five years and contain considerable redundancy. Many

.
)

of these redundant elements on SMS-1, SMS-2, and GOES-1 nave experienced ”;z ;
periods of dormancy followed by normal operation. GOES-2 (launched June , {
16, 1977) has not yet accumulated any significant dormancy periods. f %

On SMS-1, a UHF receiver and an S-band receiver operated normally i‘ "'
after domancy periods of approximately seven montns each. On SMS-2, a VHF '~
transmitter operated normally after tour months of dovawncy, and an ' ‘:g
S-band receiver after six months. On GOES-1, a URF receiver was dormant , v

tor seven months, then operated novmally. Also, a VHF transmitter was

dormant for two periods of three months each, and operated without fault

atter both periods.

2. Components and Piece Parts
The primary data regarding dovmancy or standby operation
for components and piece parts is summarized in Exhibit 22. The exhibit
shows the number of items in the sample of this update, the pre-update

sample, and the combined sample together with the number of orbital hours
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the items in each category were known to have survived in space in a non-
operating condition. Only one item (a battery) is even suspected of failing
during dormancy or standby and even for this battery there seems to be no
causal relationship. An explicit calculation of failure rates is therefore
inappropriate. The sheer number of hours accumulated against some items,
however, indicates that a rather low rate would be appropriate.

Exhibit 23 tabulates the upper 90 percent confidence 1imit on the
dormant failure rate for selected components and piece parts using the
combined data base. For comparative purposes, the upper 90 percent con-
fident 1imit on the overall on-orbit failure rate is also presented.

The generally higher dormant failure rate limit simply reflects the re-
duced amount of data available, but for many components and piece parts

the failure rate limits are quite comparable. For three hardware elements

limit. These three elements and their failure rate statistics are:

; Failure Rate (Failures/Million Hours)

Dormancy On-0rbit

AZ )‘] A Az

— eeeeemwees e eesmee——

Hardware Element

Magnetic Tape Units 4.5 14.0 24.0 37.0
Transmitters, Wideband 6.3 1.4 5.0 14.0
Vidicon Cameras 8.2 2.2 5.1 10.0
For vidicon cameras and wideband transmitters, the upper failure rate

confidence limits are about equal which only indicates that dormancy is
probably no worse than general on-orbit experience. The Magnetic Tape

Units, however, indicate a clear cut failure rate reduction from dormant

the dormant failure rate limit is actually less than the overall on-orbit l'
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EXHIBIY 23 - COMPARISON OF UPPER 90 PERCENT CONFIDENCE LIMITS FOR DORMANT
AND GENERAL ON-ORBIT FAILURE RATES

Upper 90 Percent Confidence Limit on
Failure Rate (Failures/Million Hours)

Hardware Element Dormancy On-0Orbit
Components '
Amplifiers (1) 7.2 0.58
Battery Packs 16.0 2.3
Conmand Decoders ¥,2 1.25
Command Distribution Units 16.0 5.6
Computers 3800.0 1.0
DC/DC Converters 5.3 2.2
Gyros 10.0 5.2
Heaters 2.4 1.1
Magnetic Tape Units 4.5 37.0
Oscillators 5.1 1.7
Receivers 7. 1.8
Regulators, Voltage 3.6 1.6
Transmitters, Wideband 6.3 14.0
Transmitters, Other (2) 1.3 0.043
Transponders 11.0 8.0
Vidicon Cameras 8.2 10.0
Piece-Parts ;
Battery Cells 0.76 0.097 -
Capacitors 0.010 0.0016 ¥
Diodes 0.0059 0.0019 ¥
Fuses 1.3 0.19 - N
Integrated Circuits 0.035 0.0053 -
Relays 0.25 0.029 .
Switches 1.4 0.98
Thermistors 1.2 0.28
Transistors 0.0093 0.0033
Tubes, General Purpose 1.5 1.4

Notes: (1) These amplifiers do not include power amplifiers.

(2) Thise transmitters are other than: beacon transmitters,
Doppler transmitters, FM transmitters, S-band transmitters,
special purpose transmitters, tracking transmitters, wide-
band transmitters, or video transmitters.
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operations; a reduction factor of nearly 10 to 1 is indicated. It is
therefore reasonabiy clear, and made clear by demonstration from actual
field data, that dormant failure rates are lower for some components than
general in-orbit rates and hence iower than operating failure rates.1
It 1s reasonable to conjecture that additional data would extend this
conclusion to other components as well.

In addition to the above data, two additional reports related to

dormancy and reliab%lity came to light in the course of the data bank

mem o BB o oD OO B o

studies. The first of these uses a two-year set of data from the space-
craft known as ESSA 2 through ESSA 9 with particular emphasis being given
to the vidicon cameras and tape recorders on the AVCS satellites (ESSA

3, 5,7, and 9). Both dormant and operating data were found on these
components and were analyzed. The conclusions from this analysis are
as follows:

"For the vidicon cameras and tape recorders of the TOS satellites
designated ESSA 3, 5, 7, and 9, correlation analysis was done using the
data available on these subsystems in a- attempt to establish a relation-
ship between pattern of use and subsystem performance and between pat-
tern of dormancy and subsystem performance.... No distinct differences

in correiation were found between "good" subsystems and "bad" ones.

lThis is true since the in-orbit rates are based on a combination of
powered and unpowered hours in unknown ratios.

2Stanford Research Institute, A Study of Dormant-Mode Reliability for
the TOS Satellite Systems, Robert S. Ratner and C. Bruce Clark, January
Y970, (Final Report on Contract NAS 12-33 (Item 10) SRI Project 5580).
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"There are four possible explanations for this lack of a positive
result. The first is that the data availabie are not complete or extensive
enouwgh for a statistical analysis. The second is that there is no rela-
tionship betwren performance and operation. Thirdly, the correlations
done may not be sufficiently sophisticated to reveal the relationship
prescut. Fourthly, the components we are dealing with appear not to be
samples of a larger population in a statistical sense--that is, each
component is sufficiently different so as to obscure any relationships
between them."

The second report is from the Aerospace Corporation] and concludes
on the basis of a theoreiical analysis that dormant and operating failure
rates for electronic parts tend to equality as part quality and application
conditions improve. The following tabulation of Q-factors is offered

where Q-factor is the ratio of dormant failure rate to operating failure
rate.
Q-FACTORS AS A FUNCTION OF PART QUALITY

Quality Level Q-Factor Quality Requirements

Mil-Std 0.1 Military Specification quality control with
no additional screening.

Mil-Std-Aug 0.5 Military Specification quality control aug-
mented by special requirements and some
screening.

Hi-Rel 0.8 Rigorous Specifications, stringent manufac-

turing controls, excessive screening.

‘!he Aerospace Corporation, Report No. TOR-0172(2133). Failure Rates

of Non-Homogeneous Parts Populations, A.C. Reed, 15 September 1971,
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B. ON/OFF_CYCLING 4
ﬁﬂi Related study efforts bearing on this subject area which E]
utilize the space data bank are reported in References 4, 5, and 6.
References 4 and 5 are sequential efforts devoted to the :»1i-bility E]

effects of ground storage, space dormancy, standby operation and on/-ff

cycling on satellite electronics. Reference 6 discusses the reliability

of spaceborne switching devices. As outlined in the previous reports

s S st

A T

and confirmed in this study effort, defining the suoject matter in

EI R

clear and unambiguous terms is the most difficult part of the problem.

g_&.
FmEany

This difficulty is a function of the dynamic behavior of nearly all

orbiting spacecraft and particularly the more recent and complex satellites.

—_ s W
R

Each major subsystem may be characterized by a number of operational modes,

L4

many components are normally subject to cyclical operation (for example,

AT R RLY

the record and playback cycle of tape recorders, battery charge and dis:

e = =

charge cycles, etc.) and configuration changes via the ground/spacecraft

link are common on nearly every pass. To compound the problem there

are rarely sufficient data to quantify any of the parameters associated

with the above operation (time spent in playback mode or record modes, _é
number of playbacks. operational hours per mode, etc.) =
The approach taken to surmount this difficulty is that used in ;
all four study efforts. That is, reliance is placed on "known" values, ’ %
with engineering assumptions being kept to an absolute minimum. When g;
available program documentation provides clear and reascnab.y straight- %4

forward data regarding the cycling of spacecraft components, it is re-
r ]

ported; otherwise. it is not.

T eam am A em e o e
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Exhibits 24 and 25 summarize pertinent data with respect to on/

of f cycling and standby operation. Only data points which were sufficiently

well documented to provide a complete line of information in these exhibits

————
4

were included. By the same token, the data presenced in these exhibits

are all that is available from the dats bank which carries all the data
Two exhibits were constructed

elements identified in the column headings.

s B
W et o

to separate those spacecraft components built with the later integrated

circuit technolocy from the earlier spacecraft constructed primarily from { '

discrete piece-parts. There are 142 entries representing the earlier ‘j :
technology and 49 representing integrated circuit components. The com- ;
- ponent type is quite variable ranging from a 20-piece-part power con- N :
]

verter to an entire spacecraft consisting of some 20,000 electronic piece- 1

parts. The names of the components are purposely kept somewhat general,

discrete parts {or integrated circuits) contained in the component should

ofve a reasonable idea of its general characteristics.

The survival hours represent the time that the component under \

consideration was known to be operable. Power-on time is the numbcr of

hours that full, nominal power was applied to the component. Survival

hours minus power-on hours gives the time that the component was dormant

or on inactive standby.‘ The number of cycles is essentially the number
of turn-ons, i.e.. switching from inartive standby to full. nominal power.

It s not too unreasonable to assume that tne on periods in each cycle are

approximately equal.

‘The terms "dormant" and “inactive standby” are considered to be synony-
mous in this renort.

ae
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however, their use in conjunction with the column indicating the number of -,
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nificant difference. There are, for example, 51 transmitters represented

in Exhibits 24 and 25 with a total of 455,779 survival hours, no cata-

PRC R-1863 4 5
N2 g
The final column lists the number of anomalies. All recorded f:
instances of anomalistic behavior recorded against the components of i;
interest are listed here. Components failing catastrophically are as 5 g
follows: discrete part components which failed catastrophically at the E ";’f ?2;
indicated survival hours are those represented by the index numbers: 6, :’3:“ ’?
35, 36, 109, 111, 113, 116, 117, 118, 119, 120, and 133 (Exhibit 24); B 25 ;
catastrophically failing integrated circuit components are listed as in- %% E}
dex numbers 19, 32, 33, and 47 in Exhibit 25. B g‘ 3
The most notable feature of these data, taken as a whole, is E ;fé: ?
the general lack of anomalistic behavior associated with the cycled compon- %f ;:1
ents. Not evident from the exhibits is the fact that none of these ﬁ %3 ‘Eé
anomalies can be attributed, unambiguously, to the cycling itself or to ‘g iﬁ
the dormant period of the component's operational profile. !] 3’: :t;—
Comparing the data of Exhibits 24 and 25 to the survival data i gﬂ E
including all kinds of operation, there is no striking or statistically sig- ";
E R

!

i

strophic faﬂures.‘ and 27,517 on/off cycles. In terms of survival hours : ‘2
this represents a 90 percent confidence interval on the failure rate of : g’”
0 to 5.1 x 10°° failures per hour compared to the interval of 1.5 to < 3-
3.9 x 10'6 failures per hour that may be found from the data of Section L
II1 for al) transmitters. These results are not unexpected given that
the two populations are essentially equal in terms of failure rate. To %
transmitters, none of these resulted in the termination of transmitter f‘

operations.

‘Although there are 10 anomalies recorded against six integrated circuit E




=|ji G o8 a0 o8 an o= o | IR NN N GO0 AE AR O SOk Oy 5 AR o

PRC R-1863
13

deduce from this example that cycled and uncycled components, which are
otherwise similar, have the same failure rates is not warranted, however,
on two counts. First, it is not unlikely that all the transmitters in-
cluded in the Section III analysis were cycled to some extent, those
represented here being simply the transmitters for which quantitative
cycled data are available. The second problem is the sparsity of failure
data which tends to make all failure rate comparisons somewhat nebulous.
It is rather clear, however, that cycled components in general do not
have “"order of magnitude” higher failure rates than their noncycled
counterparts.
There may well be compensating tendencies in the cyclic mode
of operation in that turning a component on and off may be detrimental
to reliability whereas periods of no or reduced stress (ie., "dormancy")
may be beneficial. In the analysis of Reference 5, the detrimental effect
of on/off switching was found for the various scientific experiment pack-
ages of an observatory class satellite; the beneficial effects of lormancy
were not found. These relationships are repeated here in Exhibit 26. The
data on spacecraft components shown in Exhibits 24 and 25 were analyzed
in a manner similar to that which produced the results of Exhibit 31,
First, however, the data of Exhibit 24 was further subdivided to
separate ou those components which represent entire spacecraft. Three
sets of data then result, two from Exhibit 24 and one from Exhibit 25.
The first set consists of cycling data on components primarily constructed
of discrete piece parts (Exhibit 24). The second set (Exhibit 25) is simi-
lar but the components are constructed primarily of integrated circuits.

The last data set (Exhibit 24) is that representing cycling data on entire
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spacecraft all of which, coincidentally, are constructed primarily of
discrete piece parts. There are 130 data points in the data set for

discrete part components, 49 for integrated circuit components and 12
for entire spacecraft.

Dividing power-on time by survival time and multiplying by 100
gives the duty cycle for each component. Cycling rate is the number
of cycles divided by survival time. The distribution of the number of
anomalies, failures, survival hours, and numbers of components, is
given for these two variables for each of the three data sets. These
distributions are shown in Exhibits 27, 28, and 239. Exhibit 30 sums
these distributions across component types.

An anomaly rate (or a failure rate) may be othtained for any com-

bination of cycling rate and duty cycle given by simply dividing the num-

ber of anomalies (failures) appearing in the appropriate cell of the upper

matrix by the number of survival hours appearing in the same cell of the
lower matrix. For example, the anomaly rate for integrated circuit com-
ponents with a cycling rate between one cycle per thousand hours and one
cycle per hundred hours and a duty cycle between 50 and 90 percent is
given by 9/239292 = 38 anomalies per million hours. The corresponding
failure rate is 4.2 failures per million hours; both estimates are based
on data from 17 components.

Since there are generally so few anomalies associated with each
individual cell it is recommended that anomaly or failure rates derived

as in the example be used with some care. Exhibit 31 presents these

rates for the marginal and overall totals.
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INHIRIT 31 - ANOMALY RATES (a) AND FAILURE RATES (f) FOR g 3
VARIOUS COMPONENT TYPES AND DUTY CYCLES 7 &
AND FOR VARIQUS COMPONENT TYPES AND 5
CYCLING RATES %}E
%_;s
4 %
BN ¢ D K8 G DY %
a ) a _f _a { A [ { 1
0-dv 10 a 6} 0 4} a6
§ ] 10 14 13 1} Z’j;j
< |
o S 10d-.50 a 570 10 N 1% "
5) 4 -
S B sosd. 00 a 260 42 0 0l 3
2 v { ] a,0 \ 6,2 4
L 50~ a 100 a 528 N 22 n q "
i 0 0 0 0 j ¥
000001+ +.0.0001 a 520 aq 45 130 i
{ 0 31 0 7.0 .
?§ 10001 ve0.001 a 440 32 21 190
[ N 0 0 0 N
9 .
bRoooire00l a0 37 6.7 2o
:g g { Q 0,8 6.7 o, 0
Q ol
g%‘.n Olsp< 0} a 8l 24 a, 4 i
- { 14 12 2.3 2.8
0.1 pel a 0 73 20
f 0 21 KoM
Overvall Avevage a 210 16 3% 64
£ 3,1 7.3 9,3 81

Gode: BN - Gomponents which are actually entire spacecrait,
IC = Components conatructed primarily of integrated civeulta,
DP » Components constructed primarily of discrete piece parta
a = Anomaly rate in anomalies per million heurs,
f = Failure rate in failures per million houra,
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With respect to duty cycle no clear cut trends are evident. For
both integrated circuit and discrete part components the maximum anomaly
(and failure) rate occurs at the minimum duty cycle. For the discrete
part components there is clearly a strong correlation between low duty
cycle and high cycling but this is not the case for integrated circuit
components.

As regards cycling rate the data show a general decline in anomaly
rate with increasing cycling rates from very low values of cycling rate
up to about one cycle every 10 hours. No data beyond this point are
available from entire spacecraft and no failures or anomalies were found
against integrated circuit components at rates of cycling faster than once
in 10 hours. Ffor discrete part components a large increase in both
anomaly rate and failure rate is noted in this region. Theories to ex-
plain this phenomenon are left to the reader as an exercise.

To determine if component size (i.e., the number of piece parts
a component contains) influences the results, the tabulation ov Exhibit
32 was constructed for discrete part components. Although the general
pattern noted earlier carries over here (i.e., a decreasing anomaly rate
with increasing cycle rate until a cycle rate of 0.1 cycles per hour is
reached at which time the ancmaly rate increasrs drastically) the only
clear conclusion that can be drawn on the basis of the data is that cycling
in excess of 0.1 cycles per hour is worse, from the point of view of

reliability, than cycling at a lower rate. To see this more clearly

consider the following two-by-two array based on anomaly rate.
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EXHIBIT 32 - ANOMALY AND FAILURE RATES AS A FUNCTION OF

[y

No, of Anomalies
No., uf Failures

No. of Componenta

Components with 150
or fewer Piece Parts

g

»

n 4
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£

=
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£

g ]

[ 2

Anomaly Ratex
F

ailure Rate®

No. of Anomalies
No. of Failures
No, of Components
Survival Hours

Anumaly Rate®

than 150 Piece Parts

Components with more

Failure Rate®

0.00001>r 0,0001<r 0,001sr

COMPONENT SIZE AND CYCLING RATE

1Anm’m.ly and failure rates given in occurrences pur million hours,

! M 1Yy ." o

i

2

H
0.01%r 0,15¢ !g ,2 |

B

B

<0,000) <0,001 0,01 <0,1 < Totals '
0 0 | 1 6 8 e
0 0 1 0 2 3 1
\ 7 10 23 W 7 ;
11202 57228 129694 314871 154884 667879 f
0 0 .7 3.2 39 12 {
0 0 7 0 13 43 g
3
. 2 0 3 2 3 5'
0 0 0 | 7 8

i

‘ 2 1 8 43 58 N
78072 39036 19518 113080 267727 517433 { 5

51 51 0 21 9 66 ié

0 0 0 a8 26 18 B



L Y

waqn

PRC R-1863
. 123
Component Size
Cycling Rate, r
(cycles per hour) <150 Piece Parts >150 Piece Parts
0.l<rci 39 39
r < 0.1 2.0 36

EXHIBIT 33 - 2§$MALY RATE! AS A FUNCTION OF COMPONENT SIZE AND CYCLING
E

It is not clear on the basis of the foregoing whether cycling
per se is detrimental to spacecraft components, compared to steady
state operation; it is reasonably clear, however, that if spacecraft
components are to be cycled it is desirable to reduce the cycling rate.

c. RELATIONSHIP OF PROJECT SUCCESS TO PRODUCT ASSURANCE

Product assurance elements are defined here to include the reli-
ability, quality assurance, and related activities conducted from design
and development through the final checkout of the spacecraft at the
launch site. An attempt was made in this update tc collect this kind
of information; the results are summarized in Tables 5 and 6 of the en-
gineering analysis reports (see Appendix B). This information is less
available, more uneven in quality and considerably ''~. quantitative than
the other data elements collected during the study. Much of the informa-
tion, for example, comes from contractor "in-house" documentation which
is difficult to obtain once the spacecraft contract is closed. Also,

many of the spacecraft in this update have evolved through long-term,

1Anomaly rate is given in anomalies per million hours,
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on-going programs (the NOAA spacecraft, for instance, evolved from the
earlier TIROS and ITOS spacecraft). In these cases, the traditinnal

R & QA activities tend to be minimal, with evaluations of actual operating
performance serving instead as a basis for corrective actions.

Of the 42 spacecraft added to the data bank on this update, vary-
ing amounts of Tables 5 and 6 data were available for 30 of them. In
some cases the data can only be described as skimpy; in other cases the
tables contain a fair amount of detail in some areas and little or no
detail in others. In a few cases, data coverage is detailed for all
pertinent areas, This is the same situation that was encountered dur-
ing the first data bank study. (On the two subsequent data bank studies,
R & QA information was not sought since the objectibves of those two
studies did not require it.)

} The previous attempt (during the first data bank study) to relate
product assurance to project success was relatively unsuccessful. Al
spacecraft programs were rated as to their "success" by classifying them
as "marginal," "successful," or “"outstanding success." Then ratings of
a similar type for the same programs were developed for the following

product assurance elements:

] Development Testing

. Parts Selection

) Quality Crontrol Provisions

° 0ff-the-shelf Versus New Design
) Prelaurch Activities
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0 Spacecraft Complexity

) State-of-the-Art
Attempts were- then made to find some correlation between the program suc-
cess ratings and the ratings for the various product assurance elements.
Correlating techniques such as regression analysis were applied, with the
result that no well defined, quantitative trends could be identified. At

the time, this lack of measurable correlation was attributed to lack of

.good data.

It was felt that this situation might have been remedied in this
study, but unfortunately it was not. In fact, the approach developed ear-
lier was determined to be inapplicable to this update for two reasons:

(1) the programs represented in the update were generally quite successful,
and (2) for all programs where the data are available, at least a serious
R & QA program existed. The resulting situation is that there are not
sufficient "gradations” in the update data to allow for a meaningful

scale of comparisons.

With respect to the data on R & QA programs in this update,
three basic approaches were noted: (1) on low-budget programs, use of
previously space qualified hardware and designs was emphasized; (2) on
the programs with fewer budgetary restraints and, concommitantly, more
complex spacecraft, more testing was conducted and more stringent R & QA
controls were implemented; and (3) on long-term programs where spacecraft
evolved from earlier designs, the emphasis was on evaluating actual or-

bital performance to provide a basis for corrective actions. The suc-

cess of the spacecraft represented in this update would indicate that
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each of these three R & QA approaches was adequate for its associated

situation.

D. EXPERIENCE BULLETINS

Tuis subsection summarizes the six Experience Bulletins prepared
as part of the special studies on this effort. These bulletins are based
on engineering analyses using the data bank as a resource, and highlight
areas that warrant increased consideration on new projects. The six
Experience Bulletins are provided in Appendix D. Their major findings
are summarized belec..

Experience Bulletin #1: Persistent On-Orbit Problem Areas

Analysis of the update data for spacecrafl launched in the 1970s
indicates that anomaly types that have been persistent in the

past are still occurring. Eight categories of these persistent
anomaly types encompass approximately one-half of ali anomalies.

Experience Bulletin #2: Some On-Orbit Reliability Aspects of
Inteqrated Circuits

The data bank contains information on over 100,000 integrated cir-

3 survival hours cn-orbit. These

cuits which accumulated 2.0 x 10
data indicate that the orbital reliability of an integrated cir-
cuit is quite similar to that of a transistor. Also, there is
some evidence that integrated circuits have reduced the number
of problems associated with circuit désign.

Experience Bulletin #3: Areas With a History of Few On-Orbit
Problems

Evaluation of the data bank indicates that most spacecraft hard-
ware areas have incqrred a number of anomalies. Six areas were

identified, however, that have essentially “rouble-free histories.
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Experience Bulletin #4: On-Orbit Interference (RFI) From
External Sources

The data bank contains at least 20 cases of problems in space-
craft RF equipment due to interference from a source external
to the affected spacecraft. In some cases the external source
was another spacecraft; in some cases the source was unknown.
Analysis indicates that this type of incident is increasing.

Experience Bulletin #5: Some On-Orbit Reliability Aspects of
On-Board Programmable, General Purpose

Computers
This update is the first data bank effort in which data from on-

board, programmable, general purpose computers began to become
available. This limited amount of data indicates that the space
environment has not introduced any unusual types of anomalies.
The capability for reprogramming in-flight is recommended.

Experience Bulletin #6: Specific Orbital Anomalies Posing

e - i et

Potential Reliability Problems

Three specific types of anomalies were noted on this update which

had not been seen to any significant extent, if at all, on previous

data bank studies. These include array temperature sensor fail-
ures, leaks through thin windows, and thruster catalyst bed
susceptibility to RFI. These anomaly types may either denote
the beginning of a trend, or signify some basic, underlying

problem.
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Appendix A
ANOMALOUS INCIDENTS LISTINGS

This appendix §s divided into four sections--one for each
previous data collection effart (References 1, 7, and 9) and one for
this study. The sections and their respective data sets are as follows:

(1) 1967 Study (Reference 1)
(11) 1971 Update (Reference 7)
(111) 1972 Update (Reference 9)
(1v) 1978 Update (Current Study)

Each section contains two parts that include part (a), the
basic data tabulations; and part (b), classification codes. There-
fore, for example, Appendix A-IIIb contains the classification codes

for the third data set. The contents of thesc parts are discussed

-
W

below. ;

PART (a): BASIC DATA TABULATIONS 5
This part contains, in tabular form, the basic data referred to

in Sections 11, 111, and IV of this report. The tables presented here L

will provide the reader with a means to understanc the compilation pro-

cedures used in this study and facilitate any further classificaetion or

analysis of particular interest to the individual.

The first step in the data reduction procedure (using the Engi-
neering Analysis Reports described in Appendix B; was to produce 3 list-
ing that contained the following data elements associated with each space-
craft of the sample: (1) unsuccessful launch, primarily due to the launch
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vehicle; (2) successful launch with reported anomalies; and (3) success-
ful launch with no reported anomalies.

The tabulation of this section lists first the unsuccess{ul
launches. Reported anomalies are listed next, ordered by time of occur-
rence and containing these data elements:

) Time-to-occurrence of anomaly in hours. A time ¢ is
associated with the launch interval, prior to injection
into orbit. The symbol ~ denotes either unknown time
or intermittent occurrence.

0 Three short phrases indicating the description of the ob-
served anomaly, its suspected or known cause, and the
effect on the mission objective(s).

() Corrective actions, both in-orbit or for subsequent
launches, if known.

(] Brief remarks, if needed to place the anomalous incident
in context.

The last group, successful launches with no reported anomalies,

ends the basic data tabulation. Data elements for this group are (1)
whether or not the spacecraft is still operational and (2) total space-
craft time included in this study.

The sequential coding, the index 1isted in column 1, provides a

means of cross reference to the tabie presented in part (b) of the re-

spective section.
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PART (b): CLASSIFICATION CODES
This part is a listing of classification codes for each of the

anomalies of the basic data tabulations in Part (a) of the section. For

‘convenience, the identification of the anomaly characteristics discussed

in Section Il of the text and the alpha-numeric codes employed are re-

peated at the end of this Introduction,

NOTE: The following matrix shows the index numbers of anomalies that
were updated in subsequent reports. For example, the anomaly
which corresponds to index number 22 in the 1971 report
(Reference 7) is updated as index number ) in the 1972 report

(Reference 9).

1971 Update 1972 Update Curvent_Study

i 22 ¢ 3

¥ 130 ' 27
i 9 P 6
i 8 1
P2 ¢ 83
’ 33 2
' % $ 124
Y 1125
’ 48 » 170
4 108 ) 408
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I.

I1.

ITI.

Iv.

v.

ANOMALOUS INCIDENT CLASSIFICATION CODES

Mission Subset

U. Unsuccessful Launch

S. Spacecraft with No
Anomalies Reported

Spacecraft with
Anomalies Reported

Mission Term
L. Long Term
S. Short Term

Mission Phase

L. Launch and Acquisition
0. Orbital (Steady-State)
Q. Unknown

Mission Effect

1. Negligible

2. Non-Negligible but Small

3. 1/3 to 2/3 Mission Loss

4. 2/3 to Nearly Total
Mission Loss

5. Essentially Total
Mission Loss

U. Unknown

Spacecraft Subsystem

a. Timing, Control and
Command

b. Telemetry and Data
Handling

e erayee

C.

d.

d*

VI. A.

VI.

u.

VII.

Power Supply

Attitude Control and

Stabilization

Propulsion

. Structure

SE8 V0 A U G o e o i s s e

. Environmental Control

. Payload (Experimental

and Scientific)

. Unknown

Incident Type

Electrical

. Mechanical
. Other
. Unknown

. Incident Type

Failure

Incident

Incident

Unknown

Incident Cause

A.
N. Non-Assignable
v.

i dee ot S I B

Assignable

Unknown

o

. Catastrophic Part

. Other Part-Related

. Non-Part-Related
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